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PREFACE. 



Thb transmission of power by com- 
pressed air hasy in this conntry, been 
chiefly confined to tunnelling and min- 
ing operations; and while some of the 
plants for the generation of compressed 
air are large, no single plant is of sach 
capacity as that in the Central Station of 
the Paris Compressed Air Co., where 
there may now be 10,000 horse-power 
generating compressed air. 

A plant is to be erected at Niagara, 
N. Y., by the Niagara Power Co. There 
will be a central station for the genera- 
tion of 5,000 h.p. by compressed air, and 
another for the generation of 5,000 li.p. 
by electricity, with the possible extension 
of either one of these to the amount of 
100,000 liorse-power. This power will 
be distributed, as wanted, to the factories 
on the lands of the company; then to 
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an urea within a two-mile radias. The 
radius will hv increased gradually, until 
an area within a twentv-mile nulius is 
covered. The deductions in Prof. ITn win's 
paper prove that i>ower can be trans- 
mitted this distance without excessive 
loss of pressure, for he computes that 
air compressed to an initial pressure of 
132 pounds per square inch can be car- 
ried a distance of '^0 miles in a 30-inch 
main with a loss of pressure of only 
1 'Z per cent, and that from 40 to 50 per 
cent of the compressing power can be 
recovered in the motors if the air is 
used cold, and from 59 to 73 per cent if 
the air is reheated. 

The following papers give the data of 
and deductions from experiments made 
by (Miiinent authorities on the Paris 
-*yst(Mn, and are presented to the reader 
jiji exteimu. 

F. E. I. 



EXPERIMENTS UPON THE TRANS- 
MISSION OF POWER BY COM- 
PRESSED AIR IN PARIS (POPP'S 
SYSTEM). 

Bt Prof. Alexander B. W. Kennedy, 
F.R.S.. M. Inst. C. E. 

The subject of transmission of power to 
a distance is one of snch immense im- 
portance in an industrial country like 
our own, that I am sure I need offer no 
apology for bringing this paper before 
you. In a case such as that which I have 
to describe, where the distance to which 
the power is to be transmitted is great 
enough to be measured in miles, the pos- 
sible methods of transmission are not very 
numerous. Steam, water, air, and elec- 
tricity seem to be the only four agents 
practically available. All four have 
been used to a greater or less extent, 
4Eind with more or less complete success. 
In our own country the distribution and 
use of high-pressure water has been car- 
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ried out with the greatest engineerings 
skill and with correspondingly great 
success by the Hydraulic Power Com- 
pany in London, and also in Hull. 
Electric transmission (for traction at 
least) has been at work on a small scale 
for some time in various places, and is 
about to be tried on a much larger t^cale 
on the Southwark Subway. In America 
it has been very widely used for traction 
on tramways, and on the Continent it 
has also been used to a certain extent 
for power transmission for general pur- 
poses. Steam has been used on a large 
scale in New York, but as vet its success 
does not seem to be unquestionable. 
Compressed air has, of course, been used 
over and over again in rough and un- 
economical fashion in connection with 
tunnelling and boring work, but I think 
only two practical attempts have been 
made to utilize it economically and on a 
large scale for industrial purposes. Of 
these two, one has been made in Bir- 
mingham and the other in Paris. The 
Birmingham Compressed Air Power 



Company lias established works on a 
very large scale^ but various causes have 
unfortunately combined to cause delay 
in the commencement of its operations, 
which indeed are hardly yet fairly 
started. In Paris, however, the tnuis- 
mission of power by compressed air has 
been in operation on a somewhat large 
scale and with very great mechanical 
success for a few years past. I have 
recently had occasion to spend some 
weeks in making experiments in connec- 
tion with the Paris compressed-air plant, 
and have been given the fullest per- 
mission to publish the results of my 
experiments. To avoid any misunder- 
standing, I must premise that it is not 
my intention to institute any comparison 
between the different methods of power- 
transmission which I have mentioned. 
Such a comparison, to be of any value, 
would require for itself a i)aper at least 
as long as the one which I have to put 
before you, and is, therefore, in the 
nature of things impossible here. On 
this matter I wish to say only one thing. 
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in view of a recent discussion on the- 
Hydraulic Power Company's work in 
London, in wliicli some comparisons 
were made between power transmission 
by air and by water. So far as T see, the 
two systems at present practically occupy 
different fields, and overlap but little. 
I'he work that each appears to do best 
is exactly that for wliich the other is 
least fitted. I see as little chance for 
air, just now, taking the place of water 
for lifts or cranes, as I do for water 
coming into common use in the driving* 
of motors. I think it would be a pity if 
there were to be any impression thnt two 
systems were antagonistic which, in 
point of fact, rather supplenient each 
other. Having said this much, I will 
limit myself to a description of the 
phmt and methods used in Paris, and to a- 
statement of the actual results obtained 
there, as determined by my own experi- 
ments on the sj)ot. The plant and 
methods are by no means absolutely 
pcM-fect; they are not only susceptible 
of, but are now receiving, considerable 
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improvements in detail in the extensions 
wliicl) are being carried ont. In what I 
have to say, however, I shall confine 
myself entirely to results actually ob- 
tained with the present plant, as it was 
working when I tested it two months 
ago, not giving it credit for the result of 
any of the improvements which Ijave not 
yet been introduced throughout into the 
system of working. I shall only, after 
having given this statement of facts, 
state briefly my views as to the probable 
practical value of improvements which 
may be, or are being, carried out. 

The work now carried on by the Paris 
■Compressed Air Company has developed 
from very small beginnings, at first 
slowly, lately very fast. It originated 
in a }meumatic clock system, which was 
started about 1870 with a small "central 
stiition*^ in the Rue St. Anno, in the 
•centre of Paris. Tliis business grew 
gradually until it became far too Ijirge 
to be carried on from such a position, 
and a few vetirs since a central station, 
with much enlarged machinery, was 
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established in the Rue St. Fargeau^ 
which is in Belleville, about 4^ miles 
east of the Madeleine. Tliere are now 
about 8000 pneumatic clocks, public 
and private, in Paris, driven from St. 
Fargeau, and regulated by a standard 
clock in the Rue St. Anne; hut as this 
part of the work, although it originally 
formed the basis of the whole system, is 
now a companitively very small ])art of 
it, and is of an entirely special nature, I 
do not propose to say anything further 
about it here. Until about two vears 
since, a pair of single-cylinder horizontal 
engines by Farcot, and a boam engine 
by Casse, sufficed for the whole work; 
but by that time the demand for com- 
pressed air for working motors had so 
increased that extension had become 
imperative, and the present working 
plant of six compound condensing en- 
gines, each working two air-com pressors, 
with the necessary complement of l)oilers, 
was put down. This plant, except the 
compressors, was supplied from Knirland 
by Messrs. Davey, Paxman »S: Co. of 
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Colchester. The compressors for the 
English engines were made in Switzer- 
land on the Blanched system. The 
demand for power is at present so great 
that, at certain hours of the day, practi- 
cally the whole plant, old and new, 
indicating considerably over 2000 horse- 
power, is fully at work, and in conse- 
quence a duplicate main is being laid 
throughout, and new engines and com- 
pressors, half of them constructed by 
Davey, Paxman & Co., and half by John 
Cockerill & Co. of Seraing, are being 
pushed forward as rapidly as possible. 

The general system of working is a fol- 
lows: Fig. 1. The steam-cylinders (I) 
compress the air to a pressure of five at- 
mospheres (six atmospheres absolute) or 
thereabouts in the compressor-cylin- 
ders (II). The air is drawn in direct from 
the engine-house, where I found it to be 
about 70 deg. Fahr., and after it has 
finally passed along the mains for some lit- 
tle distance it is again about the same tem- 
perature. It is therefore of the greatest 
importance to prevent its temperature ris- 
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ing during the compression, as all heat so 
taken up by the air represents work done 
in the steam-cylinders of which no part 
what-ever can be utilized. If the air 
were compressed adiabatically, i.e., with- 
out any cooling whatever, its tempera- 
ture on leaving the compressor would 
be about 430 deg. Fahr., a temperature 



Fig. 1 







higher than that of saturated steam of 
300 lbs. pressure per square inch. At St. 
Fargeau water for cooling is allowed to 
run into the cylinders through the suc- 
tion-valve, during the suction stroke, in 
such quantity that the final temperature 
is only 150 deg. Fahr. So far the result 
is satisfactory enough, but owing, un- 
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fortunately, to the particular way in 
wliich tlie cooling water is utilized 
mechanically, the air does not get cooled 
until after it has been compressed, so 
that practically no benefit is obbiined 
from the cooling in spite of the extent 
to which it occurs. The power expended,. 
as we shall see presently, is practically 
equal to what would have been expended 
had the compression been adiabatic. 
The quantity of air dealt with at each 
revolution is 47.6 cubic feet (for the pair 
of double-acting compressing cylinders), 
which is equivalent to 3.55 lbs., the quan- 
tity of water used being about 2.4 lbs. 

After compression, the air, now having 
an absolute pressure of six atmospheres 
and a temperature of 150 deg. Fahr., is 
pushed into large boiler-plate receivers 
(III) of which some are arranged to act 
as separators, and in these a large por- 
tion of the cooling water, which has 
been carried along mechanically by the 
air, is deposited and removed, before the 
air enters the mains (IV). The principal 
main is 300 mm. (11.8 in.) in diameter 
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and aboat f in. thick. It is of cast-iian, 
made in lengrtlis perfectly plain at each 
*:nd, and connected by a very simple 
^.'Xternul joint made air-tight by india- 
ruhU^T packing- rings. This joint leares 
t!i<- pip*.- quite free endwise, and also 
ailow.s all necL'Ssarv sidewav freedom, so 
tiiat accidental distortion to a quite 
niKi-iunibie extent is entirely without 
i-^^-i'X on tiie tightness of the joint. 
'\'\\ii niJiins are partly laid under road- 
way- and footways, and partly slung from 
tiio roof of the sewer subways. They 
jire supplied at intervals with automatic 
float traps for carrying off the entrained 
watcjr and tlie water of siituration, as 
tliey deposit. 

On entering a building on its way to 
a niotor, the air is first passed through a 
meter (V) exactly as gas w^ould be. The 
ipiantity passing is of course too great 
to allow anything like an ordinary gas- 
meter to be used; indeed, onlv infiM-en- 
tial meters wem to have been at all sue- 
ccHsful. The meter actually in use in 
Paris is a small double cylindrical box. 
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The air passes by a branch through to 
the bottom of the inner box, up through 
it, down outside it between the two 
boxes, and away through a branch at 
the bottom opposite the inlet branch. 
The wliole measuring apparatus is a 
little four- or six-armed fan, with alu- 
minium or nickel vanes, pliU5ed near the 
bottom of the inner casing and com- 
municating motion by a light vertical 
steel spindle to a clock-work register, 
like that of a gas-meter, placed on the 
top. The quantity recorded is simply 
the number of revolutions made by the 
fan, or some proportional number, and 
this is turned into cubic metres by mul- 
tiplication by an arbitrary constant, 
determined by direct experiment. As 
to the working of this meter I shall luivo 
something to say later on; it is the only 
type used by the Paris company, and 
serves in a very large number of cases as 
basis of payment. 

After passing the meter the air is car- 
ried throiigli a reducing- valve (VI) by 
which the initial pressure in the motor 



18 



is prevented from rising above a certain 
limits wliich in practice appears to vary 
between 3^ and 5^ atmospheres absolute, 
according to the size of the motor in 
proportion to its work. 

Between the reducing-valve (VI) and 
the motor (VIII) there is phiced in all 
ordinary cases a small stove or heater 
(VII). This heater is simply a double 
cylindrical box of cast-iron, having an 
air-spjice between its outer and its inner 
walls. The air under pressure traverses 
this space, and is compelled, by suit- 
ably arranged baffle-plates, to circulate 
through it in such a fashion so as to come 
into contiict with its whole surface. A 
coke fire is lighted in the interior of the 
stove, and the products of combustion 
are carried over the top of it, and mjide 
to pass downwards over its exterior sur- 
face, inside a sheet-iron casing, on their 
way to the chimney-flue. The heater 
for the motor on which I experimented 
(which indicated 10 to 12 horse-power) 
was about 21 in. in diameter and 2 ft. 
9 in. high over all. The use of the 
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heater^ and the extent to which that 
use is arlvantageous and economical, are 
matters on which I shall touch later. 

The motors used' in Paris are mainly 
of two types. Up to one horse-power 
or thereabouts small rotary engines, of 
a form patented by M. Popp, are used; 
into the details of these it is not neces- 
sary to enter here. They start very 
readily, are easily governed, are pro- 
vided with capital automatic hibrica- 
tors worked by compressed air, run at 
a very high speed, and are altogether 
very convenient. They use tiie air with 
little or no expansion, without previous 
heating, and have, of course, no pretence 
to economy in use of air. 

The larger sized motors, up to double- 
cylinder engines 12 in. by 14 in., which 
is the largest size used, are simply 
ordinary Davey-Paxman steam-engines, 
employed for air absolutely without any 
alteration or mollification. These en- 
gines have, in most cases, automatic 
cut-off gear controlled by the governor, 
and can therefore easily work with the 
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largest economioal ratio of expansion for 
the not very high available initial press- 
ure. I believe that in every case 
heaters are provided for these engines^ 
although in some instances, where both 
power and refrigeration are required, 
they are used sparingly or not at all, in 
order to take advantage of the cooling 
due to expansion. 

After this short description of the 
general arrangements of the Paris com- 
pany's work I come now to the experi- 
ments which I made to ascertain its 
efficiency. Starting from the main 
engines at tlie central station, tlie par- 
ticular matter which I had to determine 
was the indicated horse-power which 
would bo shown by a small motor three 
or four miles from St, Fargeau for each 
indicated horse-power expended by the 
main engines on the air which passed 
through that motor. The ratio thus 
ol)tained would be the total indicated 
efficiency of the whole system of trans- 
mission. This ratio is in reality the 
product of a number of separate efficien- 
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cies, and the separate determination of 
these formed a necessary check on the 
value of the total eflSciency. These 
aepanite efficiencies may be summarised 
as follows: 

1. Mechanical efficiency of main en- 
gines, or ratio of work done in com- 
pressors to indicated work in steam- 
cylinders. 

2. Efficiency of compressors, or latio 
of maximum work which could be done 
in a motor by each cubic foot of com- 
pressed air at 70 deg. Fahr., to the work 
actually done in compressing that air. 

3. Efficiency of mains, or ratio in 
which the capacity of the compressed 
air for doing work is reduced by friction 
and leakage. 

4. Efficiency of reducing-valves, or 
ratio in which the capacity of the com- 
pressed air for doing work is reduced by 
the lowering of its initial pressure at the 
motor. 

5. Indicated efficiency of motor, or 
ratio in which the actual indicated work 
4one falls short of the maximum work 






which the quantity of air measured 
tliroiigh the meter could do after passing- 
the reducing- valve. 

The product of these five efficiencies 
is the total efficiency of transmission 
without the use of a heater. When a 
heater is used the matter is somewhat 
more complicated. All the ratios given 
above represent what may be called 
mcelianical efficiencies, all of them have 
unitu for their maximum attainable 
value. It is, therefore, not possible to 
introduce in direct combination with 
them a thermo«lynamic efficiency (ratio 
of additional heat supplied to additional 
work done), which has for its maximum 
value not unitv, but 0.3 or some similar 
small value. This could only be done 
if the measurement of efficiency had 
started originally from the he^it given to 
the steam instead of from the indicated 
horse-power, and this would have given 
numbers having a minimum of practical 
value or convenience. Probably the 
best practical measure of the efficiency 
of the whole transmission, when using 



23 



heated air, is obtained by finding the 
equivalent in indicated horse-power at 
the central station of the coke used in 
the heater, and adding this to the indi- 
cated horse-power actually used. It 
would not be |308sible, by the expendi- 
ture of this or any other amount of 
indicated horse-power at the central sta- 
tion, to obtain the same results as by 
heating the air just before entering the 
motor, but that, of course, does not 
affect the question before us. 

The determination of the indicated 
horse-power of the main engines pre- 
aented no difficulty. I measured it on 
one pair of engines at different speeds 
from 21 to 44 revolutions per minute. 
At 31.5 revolutions per minute it 
amounted to 254.9, and at all speeds it 
was approximately 8.1 indicated horse- 
power per minute per revolution. The 
mechanical efficiency was sensibly the 
same at all speeds, viz., 84.5 per cent., as 
given in the table. There was no 
method available for ascertaining to 
what extent the real quantity^ of air 
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delivered corresponded to the nominal 
volume swept through hy the com- 
pressor-pistons. The indicator-diagrams. 
Fig. 2y show no signs of leakage past the 
valve, but there are no doubt various 
possible leakages which would not show 
on the diagrams. In the absence of any 
direct means of determination, however, 
I have assumed that the compressor- 
cylinders delivered their full volume, 
which corresponds to 348 cubic feet* of 
air per indicated horse-power per hour. 
This air has a weight of about 25 lbs. 
It may be pointed out that the water 
injected practically fills up the clearance- 
space at the end of each stroke. 

I have already pointed out that at 
whatever temperature the air is deliv- 
ered, it must fall to about its original 
temperature in the long length of mains 
before it reaches the motors. It is, 
therefore, a simple matter to find the 



• Here and elsewhere, unless specfally mentioned, 
volunies are supposed to )w. at atniosphei'ic pressure 
and at 70 d^K. Fahr.. the actual admission temperature 
during my experiments. 
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maximum amount of work which can be 
done by the air delivered per indicated 
horse-power, for it simply amounts to 
the PV of the air at six atmospheres 
absolute and at 70 deg. Fahr., plus the 
work it can do in expanding ad iaba tic- 
ally to a pressure of one atmosphere, and 
minus the work necessary to expel it 
from the cylinder at that pressure and 
at the corresponding temperature.! In 
the present ciise I find that this work is 
equivalent to 0.52 indicated horse- power 
for an hour, so that the efficiency of the 
compressors is 61 per cent. It will be 
seen from the diagrams that the com- 
pression curve falls only a little below 
the adiabatic, and as the area of the dia- 
gram is increased somewhat by the re- 
sistance of tlie discharge- valve, the work 
doTie is p»-actically the same as if the 
compression had been adiabatic, aiid 

t In syiiiholH, if sufHxes l and 2 be used for the initjal 
and flnal conditions of the air, if pressures be nieas- 
ure<l in poinids per square foot and vohimns in cubic 
feet, the luaximum work possible, without addition of 
heat, is 

(P,\>- P.,V,) -1- = 3.45(P,V,-P,V,). 
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there had been no cooling at all. Thia 
matter I have already referred to. 

Fig. 3 shows graphically the relation 
between the quantities so far measured. 
If the area ABODE represents on any 
scale the work done in the steam-cylinder, 
the area ABCF represents on the same 
ficule the work done on the air in the com- 
pressors. CB is an adiabatic curve, CG 
an hyperbola, so that AG represents the 
volume of the compressed air when it 
has fallen in the mains to the tempera- 
ture which it had initially at C GH 
being again an adiabatic curve, the area 
AGHF (which is 61 per cent of ABCF, 
and 52 per cent of ABODE) represents 
the maximum work which can be ob- 
tained from the air in a motor, the quan- 
tity calculated in the last paragraph. 

If it be assumed that the tempeniture 
in the mains is constant, then any loss of 
pressure, <lue to friction, must bo ac- 
companied by an exactly equivalent in- 
crease of volume. Thus if (Fig. 3) the 
pressure falls from A to K, the volume 
increases from AG to KL, the point L 
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lying on an isothermal through G. The 
loss of possible work due to such a reduc- 
tion of pressure is represented by the 
difference between the areas AGHF and 
KLMF, in both of which the expansion 
curves are adiabatic. The change of 
temperature in passing througli a reduc- 
ing-valve is so small that it may bo as- 
sumed without sensible error that the 
loss due to such a process may be calcu- 
lated in the same fashion. 

I determined the loss of head in the 
mains by a scries of observations made 
simultaneously at known points in Paris 
and at St. Fargeau . The pressure-gauges 
used having been carefully compared, 
and all the necessary corrections made, 
I found the loss of pressure to vary from 
0.35 to 0.25 atmosphere, according to 
the distance from St. Fargeau and tlie 
amount of air passing through the pipes. 
Tlie avemge loss may be taken ns 0.3 of 
an atmosphere at three miles from St. 
Fargeau, when the indicated Iiorse-power 
there was about 1250 and the maximum 
velocity of the air in the mains about 
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1550 feet per minute. What proportion 
of tliis loss of liead may have been due 
to leakage, and wliat the amount of 
leakage (if any) may have been, I had no 
moans of determining. The duplicate 
main to which I have referred is not yet 
completed, and it was impossible to iso- 
late any portion of the mains, even tem- 
porarily, to test for leakage. From the 
figures I luive given, as well as from tlie 
natnri' of tlie pipe-joint, I cannot doubt 
that the leiikage must, under any circum- 
stances, have been extremely small. 

In the table I have given approximate 
values of the loss due to fall of pressure 
in the mains and through the reducing 
valve, with various values of the total 
reduction of pressure. With a toUil re- 
duction of half an atmosphere the com- 
bined efficiency of mains and valves is 
O.on, reducing the maximum possible 
work at the motor to 0.5 indicated horse- 
power per indicated horse-power at the 
central station. Under these conditions 
the minimum possible consumption of air 
per indicated horse-power at the motor 
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would be twice 348, or 696 cubic feet per 
hour. 

The motor on which I made most of 
my experiments was an ordinary horizon- 
tal Davey-Paxman engine, witli a single 
cylinder 8^ inches in diameter and 1*^ 
inches stroke, fitted with automatic cut- 
off gear. For convenience sake I tested 
it at 8t. Fargeau and not in Paris, but I 
used a pressure only of 4J atmospheres, 
which pressure I found to be exceeded on 
branch mains 3 J miles from St. Fargeau, 
wliere I made later experiments. The 
position of the motor did not, therefore, 
put it under any conditions different 
from those existing in the centre of 
Paris. I made a large number of experi- 
ments on this motor, under various con- 
ditions, individual experiments lasting 
from four hours down to half an hour. 
I shall here give figures re[)re8enting 
only the four most important of my ex- 
periments, two with cold and two with 
heated air, averaging the two experi- 
ments in each case, so as not to burden 
my paper with unnecessary figures. 
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The motor, when indicating 9.9 horse- 
power, and makingabout 125 revolutions 
per minute, used 890 cubic feet of air per 
indicated horse-power per hour. (Its in- 
dicator-diagmms are shown in Fig. 4, 
their area being represented by KNO 
in Fig. 3.) The work which this quantity 
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of air, at the given pressure and temper- 
ature, is theoreticiiUy capable of doing 
behind ii piston, expanding down to at- 
mospheric pressure, is equivalent to 1.27 
horse-power for an hour. The indicated 
efficiency of the motor (the ratio express- 
ing loss by rounding of curves, by in- 
sufficient expansion, by back i)ressure> 
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etc.) is therefore 0,79, Tliis figure gives 
us a check on the ratios already worked 
out, for if they are right the air actually 

used should be jr-^ times as great as the 

696 cubic feet alreiidy allowed for. This 
would be 880 cubic feet, whicli represents 
of course a most satisfactory check. It 
will, however, be recognized that this 
agreement checks the figures only so far 
as they apply to air actually used, :ind 
would not be vitiated or in any way af- 
fected by losses by leakage. 

The vital measurement of all the ex- 
periments was, of course, that of the 
quantity of air used. The air was passed 
through one of the fan-meters alreaily 
described, readings of which were taken 
overy quarter of an hour. After the ex- 
periments were over air was pat-sed 
through the same meter at exactly the 
«ame pressure, and in as nearly as pos- 
sible the same quantity, and then passed, 
at atmospheric pressure, through two 
large standard wet gas-meters. The 
readings of these were taken as correct. 
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and the imiUiplior for the fan-meter de* 
teiinined from them. I found from nn» 
merous experiments on several fan-meters 
that this multiplier varied both with 
pressure and with quantity, but that the 
latter variation was very small within thcv 
limits of my experiments. I have ua 
doubt that the air quantities which I 
shall give you are correct within about 2^ 
per cent, plus or minus. 

It will be seen that the total indiciited 
efficiency of transmission, with cold air, 
is 0.39 ; in other words, that work requires 
to be done at tlie rate of 2.6 indicated 
horse-power at the central station per in- 
dicated horse-power at the motor. The 
motor was worked on a brake, and its 
mechanical efficiency was found to be 
0.G7, so that in round numbers 4 indi- 
cated horstvpower were required at,St» 
Fargeau per brake horse-power at the 
motor. 

To examine the economy due to heat- 
ing the air before using it, I used the 
same motor, working as nearly as poi^sible 
at the sjime power and speed, and with 
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exactly the same pressure, but passing 
the air between the meter and the engine 
through such a heating-stove as I have 
already described. I weighed all the 
coke used, and read the temperatures 
every five minutes during a four-liours' 
trial. The air was heated in passing 
through the stove, up to 315 dogr. Fahr., 
with a consumption of about 0.39 lb. 
coke per indicjited horse-power per liour. 
As the admission temperature on the 
cold trials was 83 deg. Fahr.* only, this 
corresponds to an increase of about 42 
per cent in the volume of the air, and 
should therefore (had the indicated effi- 
ciency remained the same) have been ac- 
companied by a decrease of air consump- 
tion in the ratio ——r or 0.70. The air 

actually used was 665 cubic feet per indi- 
cated horse-power per hour, which is 0.75 
of the 890 cubic feet formerly required, 



* This somewhat high admission temperature was 
the only point in which tiie motor at St. Fart^eau dif- 
fered from thos« in Paris, wliere I found the admission 
temperature to he from 69 deg. to 71 deg. Falir 
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■■■• that (hf t'lill (•••oiioiny i- vfM'v nearly 
ri'jili/A'd. The iiulicatt>r-<iiagniins are 
shown in Fig. 5, and are represented by 
KPQO in Fig. 3. An air consumption of 
665 cubic feet per indicated horse-power 
per hour corresponds to an indicated eflft* 
ciency over the whole system of 0.52, in 




other words 1.9*^ indicated horse-power 
is required at St. Farfreau per indie^itod 
liorse-power at the motor. The meclian- 
ical efficiency of the motor was very much 
greater hot than cold, rising to 0.81. 
Hence about 2^ indicated liorse-power at 
St Fargeau g:ive one brake liorse-power 
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at the motor. These figures, however, 
take no account of the coke hurut in the 
heater, and are, therefore, only to be con- 
sidered as apparent efficiencies. Allow- 
ing for the value of the coke in the man- 
ner already described, the reiil indicated 
efficiency of the whole transmission is 
0.47. 

A shorter experiment with slightly 
higher temperatures and considerably 
larger indicated horse-power, gave still 
more economical results, the air consump- 
tion falling to 623 cubic feet per indicated 
horse-power per hour, an "apparent*' 
indicated efficiency of 0.56. This experi- 
ment was not, however, of sufficient du- 
ration to allow of coke measurement. 

As to the value of the preliminary 
heating, the figures which I hiive given 
show that it caused a saving of 225 cu- 
bic feet of air per indicated horse-power 
per hour, at a cost to the consumer of 
about 0.4 lb. of coke per indicated liorsc- 
power per hour. I do not doubt that 
the stoking of the heater during my ex- 
periment was much more careful than it 
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would be ill ordiuary practice^ althougb, 
on the other hand, it would not be diffi- 
cult to design a more economical stove. 
If, however, tlie coke consumption were 
even doubled, it would only amount to 
7'Z lbs. per day of nine hours for 10 indi- 
cated horse-iMDwer, the value of whicli 
might be Gd. or Td. The air saved un- 
der the same circumstances would be 
over 20,000 cubic feet, the cost of which, 
at the high rate charged in Paris, would 
be Ts. 3d. There is no doubt therefore 
that to attain the maximum of economy 
the preliminary hejiting of the air should 
be carried as far as is practicable. 

Of course heating the air serves the 
purpose also of preventing any chance of 
the exhaust-pipe becoming ice-clogged. 
I found this to happen once or twice 
when working with cold air, its occurrence 
depending rather on the amount of 
moisture in the air than on the exhaust 
temperature, for the engine, after run- 
ning freely with an exhaust of — i)5 deg. 
Fahr., choked later on at -\-'-l deg. Pahr. 
I do not think that in any case which I 
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met with there would have been any 
trouble from choking had the exhaust- 
pipes been properly arranged. As it 
was, they were merely the ordinary ver- 
tical exhaust-pipes of a steam-engine, 
quite suitable for their original and for 
tlieir intended purpose, but singularly 
unfitted for the purpose to which I was 
putting them. 

Summarizing now the whole matter as 
regards efficiency, it may be said that the 
result of my dettiiled investigations is to 
show that the compressed-air transmis- 
sion system in Paris is now being carried 
on on a large commercial scale in such a 
fashion that a small motor four miles 
away from the central station can indi- 
cate in round numbers 10 horse-power 
for 20 indicated horse-power at the sbi- 
tion itself, allowing for the value of the 
coke used in heating the air, or for 25 in- 
dicated horse-power if the air be not 
heated at all. Larger motors than the 
one I tested (and there are a number of 
such in Paris) may work somewhat more, 
and smaller motors somewhat less, eco- 
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noniically. The small rotiiry motors 
would, of course, be much less econom- 
ical. Thii figures which I have given 
arc, however, sucli as can be retiched by 
anv motor of between 5 and 25 indicated 
horse-power if worked at a fair power for 
its size. M. Victor Poj)p himself, and 
tlie engineers of the company, by no 
means content witli the results already 
obtained, are experimenting in various 
directions with a view to greater economy, 
and I have not the least doubt that they 
will attain their end. But although I 
made several experiments on new appa- 
ratus, I prefer to leave their results here 
undiscussed, confining myself as strictly 
as possible to the work which has been 
already carried out and the economy of 
actual })resent working, ratlier than giv- 
ing any credit for the result of improve- 
ments which, however certain they may 
be thought, are not yet actually carried 
out in practical work. 

A system of transmission which has 
actually been carried out on a large com- 
mercial scale in such a way as to have an 




41 



indicated eflBciency of 50 per cent be- 
tween prime mover and secondary motor, 
four or five miles apart, is one which 
needs no adventitious aids to commend 
it to notice, especially where its uses are 
80 numerous and so varied, and its con- 
venience so extremely great, iis are those 
of compressed air. Both M. Victor 
Popp, who has organized and carried 
through the work of the Paris company, 
and Mr. James Paxman, who has designed 
and made the greater part of the machin- 
ery used, are to be heartily congratulated 
on tlie results which have attended their 
work. 

While, however, I am unwilling to lay 
stress on possibilities which are not yet 
actualities, there can bo no harm in sav- 
ing that I have no doubt whatever that 
with mere improvement of existing meth- 
ods and appliances, and without the 
adoption of any new or untried methods 
whatever, the new plant of the Paris 
company now being constructed can be 
made to have an indicated efficiency of 
67 per cent instead of 50 i)er cent, and 
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to give about 0.54 effective horse-power 
at the motor for each indicated horse- 
power at the central station, in the ease 
of such a nu)tor as that on which I ex- 
perimented. Under these circumstances 
the air used per indicated horse-power at 
the motor would be 530 cubic feet, or 
650 cubic feet per brake liorse-power. I 
have the less hesitation in giving these 
hypothetical figures because the more im- 
{3 DortJint imperfections of M. Popp's trans- 

J? mission system arise from such a very 

fl obvious ctiuse. Nothing, indeed, can be 



:« 



easier than to point out various weak 
points in the arrangements adopted, and 
IJJ yet, in spite of all such somowliat cheap 

l3 criticism, the fact remains that no one 

{2 has yet carried out a compressed-air 

!3 transmission with anytliiiig approaching 

to the same success on anything like the 
Siime scale. The fact is that the success 
:J of the system has been essentially due 

nither to the practical good sense with 
which the work has been carried through 
than to any special novelty in the meth- 
ods employed. The air-compressing ar- 
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rangements at St. Fargeau are in no re- 
spect novel or specially perfect; they had 
been used over and over again before; 
there is no special advantage in M. Popp's 
rotary motor that may not probably be 
possessed by many other rotary motors; 
the larger motors are simply good ordi- 
nary steam-engines, such as can be bought 
any day in open market, used without 
the slightest alteration. Of the fan-meter 
it can only be said that it works well 
enough to allow progress to be made 
while it is being improved, and even of 
the coke stove one would not like to say 
very much more. The plan of heating 
compressed air before using it in a motor 
was first proposed many years ago. Tlie 
great success which has attended the 
work in Paris has been attained because 
its directors have wisely chosen rather to 
set to work with imperfect appamtus, if 
only it were simple, fairly effective, and 
ready to hand, than to wait for the pos- 
sible invention of novelties and improve- 
ments, or to risk the success of their 
start by the use of any unknown or un- 
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tried apparatus, howeyer promising itff 
nature. They have had, moreover, the 
great advantage hitherto of being always 
asked for more air than they could sup- 
ply, so that their works have grown and 
increased simply to meet a growing and 
increasing demand, and (fortunately per- 
hiipa) the urgency of the demand has loft 
theni no alternative but to meet it by the 
very simplest possible means. 

I liavo already mentioned the great 
convenience luid hjindiness which acom- 
pn^ssed-jiir motor possesses. From the 
engineer's point of view these qualities 
are most striking. The engine starts^ 
for inst;inc(», without the least hesitation 
even with full brake load on, directly the 
valve is opened, if the crank is just past 
the centre. This, of course, is impossible 
with a gas-engine, and hardly less impos- 
sible with any ordinary (single-cylinder) 
steam-engine. The absence of the heat 
and leakage, and of the noise and smelly 
which so often in greater or less degree 
accompany the smaller steam or gas mo- 
tors, constitute a very much larger dif- 
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ference than conld at first be thought 
possible. But from the consumer's point 
of view the advantages are even greater 
than from the engineer's. There is, 
first of all, the complete absence of dan- 
ger and of nuisance of every kind. There 
is then the great saving of space, even as 
compared with a gas-engine, and much 
more as compared with a steam-engine 
and boiler. There is reduction of insur- 
ance on account of the entire absence of 
fire risk. Not only this, but the air mo- 
tor seems to me completely to supply that 
most important industrial want, a motor 
suitable for "small industries," that is, 
for work carried on in workmen's own 
houses, or in very small workshops. For 
here it is not only mechanically most 
suitable, but in the nature of things it 
can be made to cool or ventilate, by its 
exhaust, to any desired extent. The 
sanitary advantage of this, in cases where 
work is carried on in confined spaces, 
can hardly be exaggemted. Even in a 
very large printing-office in Paris I found 
An almost unbearable atmosphere made 



46 



quite pleasant as long as the motor was 
working, by allowing a portion of the ex- 
haust to come into the room. 

By using air direct from the mains in 
the motor, or by heating it only very 
sliglitly, tlie exhaust air can be, of course, 
so greatly reduced in temperature as ta 
be available for freezing purposes. la 
one Paris restaurant, for instance, which 
I visited, I found that the exhaust was 
carried through a brick flue into the beer 
cellar. In this flue the carafes were set 
to freeze, and large moulds of block ice 
were also being made for table use, while 
the air was still cold enough in pacing 
away through the beer cellar to render 
the use of ice for cooling quite unneces- 
sary, even in the hottest weather. The 
nominal function of the engine in this 
case was the charging of batteries used in 
the electric lighting of the restaurant. 
The conjoint use of power and cold is 
common in Paris, the power being in this 
case generally applied in electriolight- 
ing. While in any large city such as 
Paris, it is no doubt a great point that 



i 



47 



by a compressed-air system the handiest 
possible cooling appliances can be brought 
everywhere within reach, in tropical 
climates this is something rather of ne- 
cessity than of luxnry. In such cases we 
might have the apparent paradox of a 
motor worked essentially for its exhaust: 
the work done would be a bye-product; 
the cold air would be the principal thing. 
In such a case, if there were no useful 
work to be done, the motor could even 
be made (as has been suggested to me) 
to pump air back into the main, and thus 
virtually to about halve its air consump- 
tion. This possibility of "laying on" 
cold air in hot climates is, of course, a 
most important matter in connection 
with the future of compressed air. 
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Table. 

Summary of Efficiencies of Compressed- 
air Transmission at Paris, 1889, be- 
tween the Central Station at St. lar- 
geau and a 10 Horse-power Motor 
working with Pressure reduced to 4^- 
Atmospheres. 

(The figures below correspond Co mean results of two 
experiments cold and two heated.) 

1 indicated horse-power at Central Efncieiicy of main 



Station f^ves 0.845 indicated 
horse-power in compressors, uud 
corresponds to tlie compression 
of 848 cubic feet of air per hour 
from atmospheric pressure to 
ti atmospheres absolute. (The 
weight of this air is about 'Jo lbs.). 

0.845 indicated horse-power in 
compressors delivers as umoh 
air as wili do 0.5*J indicattHl 
horse-power in adial>atic expan- 
sion after it has fallen in temper- 
ature to the nonnal temperature 
of the mains. 

The fall of pressure in mains l>e- 
tween Central Station and Paris 
(.say 3 miles) reduct»s the possi. 
bility of work from 0.53 to 0.51 
indicated horse-power. 

The fin-ther fall of pressure 
throut^h the rednciujr valve to IJ 
atmospheres (51 atmospheres 
absolute) reduces the possibility 
of work from 0.51 to 0.50. 



engines 0.845. 



Efficiency of com- 

0.5-i 
pressors 



0.845 



0.61. 



Efllciency of trans- 
mission through 



Efficiency 
ducinj^ valve 
= 0.96. 



of re- 
O.fiO 



0.51 
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The combined efficiency of the mains and 
reducing valve, between 5and4i atmos- 
pheres, is Clius 0.98 X 0.98 = U.96. If the 
reduction liad been to 4, 3|, or 8 atmos- 
pheres the corresponding efneiencies 
would have been 0.88, 0.89, and 0.H5 re- 
spectively. 
Incomplete expansion, wire-draw- Indicated efficien- 
ing, and other such causes re> ft- ^'^ 

duce the actual indicated horse- ' oTso 

power of the motor from 0.50 to = 0.78. 
0.89. Indicated efficien- 

cy of whole pro- 
cess with cold 
air 0.39. 
By heating the air before It enters Apparent indicate 
the motor lo about 8'^ deg.Fabr., ed efficiency of 
the actual indicated horse-power 
at the motor is, however, In- 
creased to 0.54. The ratio of gain 
by heating the air is, therefore, 
054 



wliole process 
with heated air» 
0.54. 



0..W 



= 1.38. 



In this process additional heat is 
supplied by the combuHtion of 
about 0.89 lb. colce per indicated 
horse-pnwer per hour, and if this 
be taken into aecoimt the real 
iiid.i-ated efficiency of the whole 
process becomes 0.47 instead of 
u.:.4. 

Working with cold air the work 
spent in driving the motor itself 
reduces the available' horse- 
power from 0.89 t" 0.26. 

Working wiih heat**!! an- the work 
spent in driving ihe motor itself 
reiluces tiit^ nv.iilabie horse- 
power from 0.51 tu 0.44. 



Real indicated effi- 
ciency of whole 
process with 
heated air, 0.47. 



Mechanical effi- 
ciency of motor, 
cold, 0.67. 

Mechanical effi- 
ciency of motor, 
hot, 0.81. 
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Most of the compressed air in Paris is 
used for driviug motors, but the work 
done by these is of the most varied kind. 
A list which I have gives the locality, 
use, and power of 225 installations, nearly 
all motors working at from i horse-power 
to 50 horse-power, all driven from St. 
Fargeau, and the great majority of them 
more than two miles away from it. In a 
number of cases the motor drives dynamo 
machines for electric lighting. In the 
offices of the Figaro and Petit Jotirnul 
large motors are also used for printing, 
and there are many smjiU printing estab- 
lishments also worked by compressed air. 
Among the smaller industrial purposes 
for which the air motors are used in Pa- 
ris, I find the driving of lathes for metal 
and wood, of circular saws, shearing- 
machines, drills, polish ing-machines, ami 
many others. They are used also in the 
workshops of carpenters, joiners and 
cabinet-makers, of smiths, of umbrella- 
makers, of collar-makers, of bookbinders, 
and naturally in a great many places 
where sewing-machines are used, both by 
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dressmakers, tailors, and shoemakers, and 
from the smallest to the largest scale. 
They find application also in all sorts of 
industrial work,with confectioners, coffee- 
roasters, color-grinders, billiard-ball mak- 
ers, in many departments of textile in- 
dustry, and otlier matters too numeroua 
to mention. 

I may mention one particular instance 
of variety of application which interested 
me much. At the " Montagiies Russes'^ 
I found a large horizontal engine placed 
in a recess driving a dynamo and cells 
for the electric lighting of the whole 
building; a small vertical engine in an- 
other place worked the rotary pump, 
which actuated the " cascade ; " two or 
three large air-driven fans in wooden 
shafts served for ventilation ; and lastly, 
a simple connection on a flexible pipe 
threw the air-pressure into the beer-bar- 
rels as they were brought in, and trans- 
ferred their contents to a height from 
which they could afterwards descend 
by gravity to the place where they were 
required. 
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As to the rate at which the compressed 
air is sold, I believe that in most of the 
larger installations the work is done by 
contract (at so much per lamp-hour in the 
case of the electric lighting), but in the 
smaller ones the air is charged for by 
meter. The rate of charge is 1.5 centimes 
per cubic metre (=8^0. per 1000 cubic 
feet) for air used in motors and 3 cen- 
times per cubic metro (= ll^^c. per 
1000 cubic feet) for air used directly. 
Air used for raising fluids is charged ac- 
cording to quantity raised. The former 
rate is equivalent to 4.25d. (= 8.5c.) per 
1000 cubic feet (the volume in all cases 
being measured at atmospheric pressure). 
In addition to this, a fixed charge of from 
100 to 250 francs (= $20.00 to $50.00) 
is made for pipes and connections, and a 
small rent for the motor, if it be not 
bought outright. 



THE TRANSMISSION AND DIS- 
TRIBUTION OF POWER FROM 
CENTRAL STATIONS BY COM- 
PRESSED AIR. 

By Prof. William Cawtbornb Unwin, B. 8c. , F.R.S.» 

M. IKST. C. £. 

In 1888 the author communicated to 
the Institution a short paper on "The 
Transmission of Power to great distances 
by Compressed Air." * In that paper 
the loss of pressure in air-mains and the 
efficiency of transmission were discussed, 
it is believed, with more theoretical 
completeness than had before been at- 
tempted. It was not within the scope 
of that paper to deal witli tlie efficiencies 
of compressors and air-motors, and in- 
deed at that time very little trustworthy 

* Minutes of Proceedings Inst. C.E., vol. xcili., p. 421. 
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experimental information was available 
Its to the waste of work in air-machinery. 
However, for the purpose of examining 
the practical bearing of the general 
equations obtained, it was necessary to 
assume efficiencies for the compressors 
and air-motors, and some special cases 
of transmission of power were examined 
in detail. It may now be said that the 
assumptions made were not very inex- 
act, for such systems of compressed air 
distribution as were in 6peration at that 
time. In 1889 Professor A. B. W. Ken- 
nedy made careful experiments on the 
system at work in Paris. He has given 
a summary at the end of his paper of 
all the losses of work which he found to 
occur in one case which was completely 
investigated. Air compressed at the 
central station, St. Fargeau, to six at- 
mospheres (= 88.2 lbs. per square inch), 
was transmitted 5 kilometres (= 3.1 
miles), reduced in pressure to four and 
a half atmospheres (= 66.15 lbs. per 
square inch), and used cold in ati air 
motor of about 10 H. P. It was found 
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that for 1 indicated H.P. expended in the 
steam -cylinder of the compressor, only 
0.26 effective or brake H.P. was obtained 
at the air-motor. That is, the combined 
efficiency of compressor, main, and motor 
was 26 per cent. Now, in the author's 
paper it had been calculated that with 
initial compression to 58. 8 lbs. per square 
inch absolute, and transmission a dis- 
tance of a mile, the combined efficiency 
of compressor, main, and motor might 
range from 0.33 to 0.39 according to the 
fiizo of main adopted. These results 
are rather better than that found by 
Professor Kennedy in the case whicli he 
<ixamined. Tiiere is little doubt, how- 
■ever, that tlie air-motor experimented on 
by Professor Kennedy wasted power by 
leakage. 

During the last year or two the sys- 
tems of compressed-air distribution in 
Paris and Birmingham have been greatly 
extended, and similar plans for power- 
distribution in Dresden, Berlin, Vienna, 
Leeds and other towns have been pro- 
posed. Amongst the schemes submitted 
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to the International Commission for the 
utilization of Niagara, there were three 
in which the power was to be distributed 
by compressed air. Hence the indus- 
trial importance of this system may now 
be considered as fully recognized. 

Compressed air has often been used in 
transmitting power in mines and for 
tunnelling operations, where rough ma- 
chinery is genenilly adopted, and where 
economy of power is not very important. 
It is not surprising that in many such 
cases extremely imperfect compressors 
and air-motors have been used, which^ 
although they did the work required, 
wasted power extravagantly. It is from 
such experiences that an opinion has 
arisen that the efficiency of compressed-air 
transmission is very low. Better results 
have been obtained in the large systems 
for distributing power by compressed air 
in Paris and Birmingham. But it has 
been somewhat unfoi-tunate that the types 
of compressor at first adopted were 
not such as to yield a higli efficiency, 
and that many of the air-motors also 
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were extremely bad. All the older com- 
pressors at Paris^ and the large ones at 
Birmingham, are single-stage compress- 
ors, with very inadequate means of cool- 
ing the air during compression by water- 
jackets. At Birmingham the air is 
delivered into the mains at nearly 280** 
Fahrenheit, and practically the whole 
work expended in heating the air is 
wasted. 

Now it has been known for a dozen 
years at least that spray injection into 
the cylinder is more effective in cooling 
the air than a water-jacket. Theie is 
also a much more powerful means of re- 
ducing the temperature of the air dur- 
ing compression. By compressing the 
air in two or more stages, and cooling it 
between the stages, the work expended 
in heating can be very greatly reduced. 
As early as 1881 the Norwalk Ironworks 
Company, Connecticut, U.S.A., con- 
structed compound compressors, with an 
intercooler, with great advantage. Quite 
recently compound compressors have 
been made for the Paris system from the 
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designs of Professor A. Eiedler, of Ber- 
lin, with the result that two thirds to 
three fourths of the work expended in 
uselessly heating the air in the older 
machines in Paris is saved « At the same 
time investigations have been carried 
out on the air-motors in use in Paris, 
which show that in the construction of 
these also a considerable increase of 
eflSciencv can be secured. 

In reconsidering the problem of dis- 
tributing power by compressed air, es- 
pecially in connection with the Niagara 
scheme, the author found nothing in 
the general method given in his previous 
paper which required revision. But the 
numerical results need correction in view 
of the improvements recently effected. 
Hardly any accurate experimental data 
were available two years ago. Now the 
very valuable treatise of Professor Ried- 
ler,* containing the results of observa- 
tions carried out in Paris, furnishes a 
mass of trustworthy experimental results^ 

• Neue Erfahl ungen Qber die Kraftversonning von 
Paris durch Druckluft. Berlin. 1891. 
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l)oth on the resistance of mains and the 
waste of work in compressors and air- 
motors. It appears worth while to re- 
examine the conditions of distribution 
of power by compressed air in the light 
of these new experiments. 

Loss OP Pressure in the Air-mains. 

Hitherto information as to the resist- 
ance of air-mains has been scanty. The 
best expeiiments were those made by 
Mr. Stockalper on the pipes of the bor- 
ing machines at the St. Gothard Tun- 
nel. The new experiments carried out 
by Professor Riedler and Professor Gut- 
ermuth on the air-mains in Paris are 
therefore of great value. The Paris 
mains are larger than any hitherto tried, 
and by coupling up different mains jit 
night, a length of 10^ miles could be ex- 
perimented on. 

The main for the older Paris com press- 
ing-station consists of cast-iron pipes llf 
inches or 0.98 foot in diameter. It was 
laid partly in the sewers, which involved 
the use of many bends. Part of the 
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main in the Rue de Bellerille is known 
to be leakv, and there are numerous 
draining-boxes, siphons, and stop-Talves 
which osiuse resistance. In a more per- 
fectly arranged main, no donbt, the loss 
of pressure would probably be somewhat 
less than in this old one in Paris. In 
the following inyestigsition Professor 
Riedler's results are used, but the reduc- 
tions from them and the conclusions de- 
duced are the author's. The formula 
for the flow of air adopted is that given 
in the author's piper on '* The Motion 
of liight Carriers in Pneumatic Tubes.*'* 
Formula far the Flow of Air in Long 
Pipes, — Lt»t D be the diameter and L 
the length of a pipe in ft»et; r the ve- 
locity of the fluid in feet per st»cond; 
C the coefticient of friction, and II the 
head lost measured in feet of fluid under 
the given conditions. Then if the fluid 
is incompressible. 



• Minutes of Prooeediajr' Inst. C.E.. vol. xHli.. 18T«w 
Also article on Hvdromechanics. Encyclopaedia Bri- 
t&nnica. Ninth Edition. Hydraulics, f 84, 
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D H 
= 4 -L' 


H = 


_ r' 4L 
'^2g D 



This formula may be used for the flow 
of air in pipes^ and indeed has been so 
used by Mr. Stockalper and others when 
the variations of pressure and density 
are small, so that mean values can be 
taken and the variations neglected. 
Professor Riedler uses this equation also, 
but with the artifice of dividing a long 
maiti into portions calculeatd separately 
— a method very cumbrous and not very 
accurate. 

When air flows along a pipe there is 
necessarily a fall of pressure due to the 
resistance of the pipe, and consequently 
the volume and velocity of the air in- 
creases going along the pipe in the 
direction of motion. The effect of the 
resistance is to create eddying motions, 
which, as they subside, give back to the 
air the heat equivalent of the work ex- 
pended in producing them. The result 
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is that, apart from conduction to exter- 
nal bodies, the flow is isothermal. Gen- 
erally, in compressed-air systems, the air 
is delivered into the mains at a tempera- 
ture above that of the surrounding 
earth. The excess of heiit is parted 
with by conduction, and the temperature 
falls to that of the ground, but no lower, 
for there can then be no further loss of 
heat by conduction. 

Let P = tlie absolute pressure of the 
air in lbs. per square foot; 
T = the absolute tf^mperature; 
6 = the weight of the air per 
cubic foot in lbs. 
= the volume of the air per 
lb. in cubic feet. 



V 

Then 



PV = ^ = cl\ 



(1) 



where c = 53.15 for air. Taking the 
temperature of 60° Fahrenheit, so that 
T = 461 + 60 = 521, 



cT = 53.15T = 27,690. 



(2) 
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If air is flowing steadily in a pipe, the 
same weight of air flows across every 
transverse section per second. Hence, 
if W is the weight of air flowing per 
second, £1 the area of a cross-section, at 
which the velocity is w, 

W = G.Qw = constant; . (3) 

combining (I) and (3), 

/2mP=cTW. . . (3rt> 

Fig.l, 
^ dl ^ 



A.A/ 



A.A/ 



Fig, 1 represents a short length dl of 
an air-main, between transverse sections 
A„ A,. Let d be the diameter, £1 the 
cross-section, w the hvdraulic mean radins 
of the pipe. Let P and u be the prt^ss- 
nre and velocity at A„ P -f e?P and 
u + du the same quantities at A,. Let 
W be the weight of air flowing through 
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the pipe per second. The units are feet 
and lbs. 

If in a short time dt the mass A^A, 
comes to A/A/, then A^A/ = « dt and 
A,A/ = (ii + du) dL 

By analogy with liquids, the head lost 
in friction, measured in feet of fluid, is 

w' dl 



'^g m 



n 



Let H = :r— ; then the head lost is 

m 

and since W dt is the flow through the 
space considered in the time c?/, the work 
expended in friction is, 

- C - W dl dt. 

m 

The change of kinetic energy in the 
time dt is the difference of the kinetic 
energy of A, A/ and A„A/; that is, 

9 
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The work of expansion of fl n dt cubio 
feet of air to fl{u + du) dt, at a pressure- 
initmlly P, is £l?dudt. But from (3a) 



u = 



du 



cTW 
cTW 



a > 



and the work done by expansion is 

The work done by gravity is zero if the 
pipe is horizontal^ and in most cases may 
be neglected without great error. The 
work of the pressures on the sections 

A„A, is 

Pi^ udt -- (P + dV)n{u + du) dt 
= - {V du + tidV)ndt. 

But if tlio temperature is constant, 

Vu = constant, 
P^?^ + ud? = 0, 

and the work of the pressures is zero. 
Adding together the quantities of work 
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and equating them to the change of k>- 
netic energy, 

P //J 

dR+^4dP^Z^dl = 0, 
P m 






:^'=o. . (4) 

m 



But 



cTW 
" = TiP' 

For pipes of nniforiii section X) and m 
are constant, for steady motion W is con- 
stant, and for isothermal flow T is con- 
stiint. Integrating, 

log H + i^^, + C~ = constant. . (5) 

For Z = 0,letH = H, and P=P,, 
" / :^ L, let H = H, and P = P„ 
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where P, is the greater and P, the lees 
pressure. By replacing H„ H,, and W, 



Hence the initial velocity in the pipe is 

P 

and when L is great, log p^ is compara- 

tively small compared with the other 
term in the bracket. Then 

For pipes of circular section m = --, 

-where d' is the diameter in feet. Let cT 
= 27,090, and let ;j,,/?, be the pressures 
in lbs. per square inch. Then 



n^ = |/ 1 222,900 






P-^ } . (7.) 



This equation is easily used. In some 
cases the approximate equation 
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u, = (l.U19 - 0.7264^] |/f222,900^™\ 

may be more convenient. 

If the terminal pressure/?, is required 
in terms of the initial pressure j»„ then 

If from a series of experiments Z is to 
be found, 

d' {p:-p,') 



C = 223,900 



u'L 



P^ 



(10) 



Before proceeding to calculate the 
value of C from the experiments of Pro- 
fessor lliedler and Professor Gutermuth 
on the Paris mains, it is necessary to ex- 
amine the corrections to be made for 
leakage and the special resistances of the 
druining-boxes. 

J. OSS of Air by Leakage from the Main^ 
— Special experiments were made by 
Professor Riedler and Professor Guter- 
muth to determine the leakage loss in 
portions of the old Paris main. Thesa 
gave the following results : 





I. 


n. 


in. 


IV. 


V, 


VI. 




Ill 


1 
i 
i 


t 
Si; 

u 

1' 


1 
t 


.2^ 


1 

b 
1 


'sr."! 


5.60 


10,69 


TiOB 10.S9 OS? 


0.84 


iDiltal 1 ' 
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6.9 


70 1 6.7 
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0.0 


a.i 
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56 


8.43 


S.82 


50 


8.7 


l<w ofl 
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per hour 
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pbcros.. 


1.B 


1.5 


0.57 


1.83 


0.6 


0.56 
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^talmos- 
pheric 
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ISOOO 
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per mUe 
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6080 


6870 


2aa'5 


5530 


uu 


2800 
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It is stated that during trials I, 11^ 
and IV considerable leakage was known 
to exist at the Central Station and th& 
Rue de Belleville. In all the trials the 
air consumed by the clock system and 
some small motors not stopped is included. 
Reduced, as shown in the last line, the 
results are consistent if it is assumed that 
the leakage was really greater in the sec- 
tions included in I, II, and IV than in 
the other sections. 

Now, with an initial gauge-pressure of 
6 atmospheres and an initial velocity of 
30 feet per second, the main would deliver 
about ()00,000 cubic feet of air per hour^ 
reckoned at atmospheric pressure. Then 
the percentage of loss by leakage per milft 
per hour would be as follows: 





I. 


II. 


in. 


IV. 


V. 


VI. 


Per cent^ 












of air lost | 














by leak- 1 
age per 
mile per 
hour . . . ^ 


1.00 

1 
1 


1.05 


0.38 


0.91 


0.40 


0.8S 
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Professor Riedler believes tha in 
newer and better-laid mains the leakage 
is considerably reduced. In any case it 
appears that the loss is small and practi- 
cally can be neglected except in very long 
transmissions, at least when the main is 
delivering a full supply. It should be 
remembered, however, that the leakage 
is proportionately greatest in those hours 
when the pressure has to be maintained 
in the mains, but the demand for power 
is small. Where the demand for power 
is very variable this loss might become 
an appreciable factor. Looking to the 
uncertainty as to the amount and law of 
variation of leakage in different cases, it 
will be neglected in this investigation, 
taking the experiments above referred to 
as a proof that it is not a serious quantity 
even in the Paris installation, and that in 
newer mains laid with the experience now 
gained it would be still less importiint. 

Correction for I/0S8 of Pressure ai 
Draining'tanks. — In some of the mains 
experimented on by Professor Riedler 
there were draining- tanks at which 
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there was a sensible loss of pressure. The 
resistance at such a receiver must be an- 
alogous to the loss at a sudden enlarge- 
ment of a pipe, and we may therefore 
write, if Jg is the pressure lost, p the 
absolute pressure of the air, and v its 
Telocity, 

where Cd is the coeflBcient of resistance 
to be determined by experiment. Some 
experiments were made by Professor 
Riedler on these draining-tanks. The 
following table gives the results and the 
calculated value of Zd' 



Absolute 
Pressure p 



Velocity 

of Air in 

Main. 



Til)s. per 
Sq. Inch. 

104.0 
104.1 
84.1 
106.1) 
102.0 



Feet per 
St*cond. 

195 
190 
28.5 
24.25 

18.25 



Observed 
L/y^s of 

Pressure 
at One 

Draining 

tank. ip. 



Calculated 
Value of i a- 



0.94 
0.95 
2 42 
2.14 
1.00 



/ 



Mean 



0.00002863 
0.00002527 
0.00008543 
00003404 
0.00002943 

00002956 



These figures are fairly accordant, and 
the loss at each draining-tank may be 
taken as 

y^ - 0.00003joy'. ' . . (11) 

Experiments by Professor Riedler and 
Professor Outermuth on the Resistance 
of the Paris Air-Mains, — The old air- 
mains of Paris consist of cast-iron pipes 
30 centimetres = llf inches = 0.98 foot 
in diameter. It was on these that the 
experiments were made. For the new 
station wrought-iron pipes of 20 inches 
diameter are being used. The import- 
ance of these experiments lies chiefly in 
the large scale on which they were carried 
out. The volumetric eflBciency of the 
compressors was first determined. Then, 
at different points on the pipe-line, the 
pressure was observed when the compres- 
sors were running at known speeds. On 
Sundays the whole pipe-line could be 
coupled up, all work in the city being 
stopped. The air then passed through 
the southern main and back by the 
northern main, a distance of 10 miles. 
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The main is somewhat complicated, hav- 
ing been constructed piecemeal during 
the gradual extension of the enterprise. 
In the 10-mile length there are four 
draining- tanks, twenty-three draining- 
traps or siphons, and forty-two stop- 
valves. The resistance of these is in- 
chided in the observed results. It ap- 
pears, however, that the most serious 
additional resistance was that of the 
draining-tanks, and as special experi- 
ments were made on these, their resist- 
ance can be estimated with very approxi- 
mate accuracy and allowed for. 

The following table gives the results 
of the experiments reduced to English 
measures. The columns marked with an 
asterisk are those taken directly from 
Professor Riedler's Tables. The others 
are deduced from his figures. 

The last column gives the values of C 
calculated by equation (10). 

It will be seen that the values of C are 
fairly consistent, considering the difficul- 
ties of the observations. The discrepan- 
cies tire irregular, and obviously due to 
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1 lute). 

1 1 
1 1 


I. 


Kill ire pipe-line. . 


. ; 10.28 
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77.2 


2 


II. 




. 10.28 


114.4 


78.8 


a 


111. 


« < 

• « 


. 10.28 


119.4 


100.6 


1 


IV. 




. . 10.28 


116.1 


107.0 




V. 


<• 


. . 10.28 


114.4 


108.8 




VI. 


' Rue de Cliaroiine 


2.74 


116.1 


111.7 




vn. 


• < 


2.74 


119.4 


116.9 




VIIL 


• < 


2.74 


114.4 
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- IX. 


< < 


2.74 
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1 X. 


Fontaine— Station 


I 2 08 
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XI. 
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ne ' 5.45 
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XII. 
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XIII. 
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XIV. 
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1 
1 
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Experiment XII gives a result so anomalous that 
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inconsistencies in the data of the experi- 
ments. For iDstance, experiments XIII 
and XIV were made on the same main at 
nearly the same initial pressure. In XIV 
the velocity was sensibly greater than in 
XIII, but the loss of pressure is much 
greater in XIII than in XIV. 

Professor Riedler appears to believe 
that his experiments on the Paris main 
show that the friction of air in pipes is 
considerably less than it was believed to 
be from the results of earlier experiments 
on a smaller scale. The author does not 
think that this is so, but that^ on the 
contrary, when properly reduced they are 
consistent with previous results, and that 
all the known experiments fairly support 
each other. In a paper on the Coefficient 
of Friction of Air flowing in long pipes,* 

it was shown that Mr. Stockalper's ex- 
periments gave the following results : 

Mean for 0.492-foot pipe 00449 

0.656-foot pipe 0.00377 



It 



♦ Minutes of Proceedings Inst. C.E., vol. Ixill. p. -.nW). 
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These experiments^ as well as somi 
others given in that paper, show that th( 
value of C for air as well as for water de 
creases as the size of the pipe is larger 
Though experiments on the flow of ai: 
are not numerous enough to furnish an] 
very trustworthy law, the author gave ii 
1880 the following expression for ihi 
value of C : 

c = 0.0027(1 +j^^,). 

This gives the following values for C> 



SI 

■■*. 



Pipe . 492 foot diameter . 00485 

' 0.656 " " 00393 

•' 0.980 '• " 0.00351 



which are only a little different fron 
those deduced from Stockalper's and 
Riedler's experiments. 

Bounding off slightly the mean oj 
Professor Riedler's results, it will be as- 
sumed in the remainder of this papei 
that, for air flowing in pipes of not less 
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than 1 foot diameter, C = 0.003. Putting 
this value in equations {7a) and (9), 

M, = \/\ T4,300,000y l^'-rJ^-> [ (12) 

Loss of Pressure pej' Mile of Pipe.^ 
In order to indicate what kind of results 
this formula leads to, the following cases 
have been calculated: 

1. Given the diameter of the pipe, and 
the initial pressure and velocity of the 
air entering the main, it is required to 
find the loss of pressure in 1 mile of 
transmission. By simple transposition, 
putting L = 5280, 

Assuming initial velocities of 25, 50, 
and 100 feet per second, and initial press- 
ures of 50, 100. and 200 lbs. absolute, the 
following values are obtaim^d : 
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Diameter 
of Pipe. 


^> 
Feet 

ptT 

Second. 


Valuew of Terminal 
Pre88ure2>,, when 


^oS o 


Pi =50 


p, = 100 


Pi = a» 


Feet. 










1.0 

• • 

• • 


25 

50 

100 


48.8 
45.8 
26.9 


97.7 

90.6 
53.8 


195.4 
181.2 
107.6 


2.4 

9.4 

46.2 


2.0 

• • 

• • 


25 

50 

100 


49.4 

47.7 
40.1 


98.9 
95 4 
80.8 


n)7.8 
190.8 
160.6 


1.2 

4.6 

19.8 



The percontac^e of pressure lost in a 
mile is the same whatever the initial 
pressure. It must not, however, be as- 
sumed thnt tlie loss in 2 miles is double 
the loss in 1 mile. 'J'he velocity in- 
creases and the density diminishes going 
along the main. 

It is (^lear that when the velocity ini- 
tially in the main exceeds 50 feet per sec- 
ond, tlie loss of pressure becomes serious 
even in a distance of a mile. How far 
that involves a loss of efficiency will be 
considered later. 

2. Another mode of looking at the 
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question is interesting. Suppose the per- 
centage loss of pressure is assumed and 
the initial Telocity calculated. In the 
following table this has been done for 
transmissions to distances of 1, 5, 10, and 
20 miles. 



%i4 




Initial Velocity r, when the percentafce 
Lofts of FreRSure in Ti'uusuiission is 


1 


2i 

1 


5 10 

1 


20 


'4 


\ 1 


16.7 


26.3 


87.0 1 52.5 


73.1 


1 


(3 


23.7 


37.3 


52.4 1 71.18 


100 6 


5 


jl 


7.5 


11 8 


16.5 ': 23.5 


81.8 


(2 


10.6 


16.6 


23.3 


83.2 


44.9 


10 


n 


5.3 
7.4 


8.3 
11.7 


11 3 
15.9 


16.6 
23.4 


22.5 
81.8 


20 

• 


\i 


3.7 
5.4 


5 9 

8.3 


8.3 
11.7 


11.8 
16.6 


16.0 
22.6 



Transmission is possible to the longest 
distances here assumed at velocities not 
impracticably low, with losses of pressure 
which would not hinder efficient use of 
the air. 
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AonON OP THE AIE-COMPRESSOB& 

When an air-compressor is driven by 
a steam-engine there is a difference be- 
tween the work done by the steam and 
the work done on the air, due to the 
work expended in friction of the mechan- 
ism and measured by the difference of 
area of the indicator-diagrams of the 
steam-cylinder and compression-cyh'nder. 
If the compressor is driven by water- 
power there will also be a corresponding 
loss in friction of the mechanism, prob- 
ably not widely different in amount. It 
will be sufficiont here to consider a com- 
pressor driven by steam. 

L(^t U be tlie work expended, measured 
on the steam-cylinder indioator-diagram,^ 
and U, the corresponding work shown on 
the compressor-cylinder diagram. Then 
it' 7, is the eiricioncy of the mechanism, 

u, = v,U. 

It is convenient at present to take U and 
U, to be the work in foot-pounds per 
pound of air compresst^d. In Professor 
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Kennedy's tests of some of the older 
compressors at Paris it appeared that 
Tf^ = 0.845. Experiments by Professor 
Outermuth on the new Riedler com- 
pressor gave ?7j = 0.87, a result not widely 
different. 

In all compressors there are some losses 
of work due to clearance, to imperfect 
action of the valves, to leakage, and to 
other causes. But unless the machine 
is badly constructed these need not be 
large. If the air is compressed to a 
pressure above that in the mains — as has 
happened in some ciises — there is a loss, 
for the unbalanced expansion uselessly 
heats the air; but this again can be kept 
within narrow limits if the valves act 
promptly and properly. The chief loss 
of work in compressors is due to useless 
heatng of the air. It is not, of course, 
impossible that some of the heat thus 
generated should be usefully employed. 
But to make use of it would involve 
complications. It is said that in Bir- 
mingham, where the distance of trans- 
mission is not great, some of the heat 
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reaches the motors, and then there is an 
economy in the amount of air used. 
But pnictically in most cases heat given 
to the air in the compressor is in fact 
wasted before the air is used for motive 
purposes. A perfect compressor for 
power distribution would be one in which 
the air taken in at atmospheric pressure 
p^ should be compressed isothernjally to 
an absolute pressure p^ equal to that in 
the mains at tlie compivS'^ing station, 
and then delivered into the luains with- 
out valve- resistance. 

Such a machine working without fric- 
tion, or clearance, or valve-losses, would 
require for each pound of air compressed 
an amount of work given by the equation 

U, = PaV Jog. ^-' foot-lbs., 

pa 

where P^ is the atmospheric pressure in 
lbs. per sq. ft., and V^ the volume of 
1 lb. of air at that pressure. 

If, as hitherto assumed, the initial 
temperature of the air is G0° Fahr., 



U, = 27,690 loge^-^. 

Pa 



Fig. 2 showB the indicator-diagram of 
euch an engine. OADE ie the work 




done by the atmosjihcre on the pJBton in 
the suction stroke. OBCDA is the work 
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I 



done on the air in thu compressing Btrokc^ 
the 00 m press ion -cur vt! DO being u com- 
mon liyperboia. The woik (.■xjicnded in 
compression is therefore the shaded urea^ 
EBCD. 

If the air were compressed without any 
cooling during conipruasion, the com- 
prosdoii-cu rve would he un adiahatic, 
such as DF. The work expended in 
compression would be tlie area ISFDE. 
('iinseqiiently in that case the area CFD 
would represent tiio work expended in 
uscleea heating of tlie air. This is easily 
ailcuiatcd. for it can be shown that th© 
work expeiided per jjoiiiid of uir in adia- 
hatic compreusion is 



i"-<©"-']- 



Putting y = 1.4(18 and P„V„ 
a before, 



<©"■"-']■ <'^> 



If /?, = U./U,', then v, niay be termed 
the efficiency of tlio conipre.-^sing process. 
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For simple adiabatic compression, neg- 
lecting clearance and friction losses^ 



loge 



V,= 



Pa 



'■"[(■r-] 



This may be called the theoretical value 
of ?L . 







Pi 


Theoretical 


P\ 


Pa 


Pa 


Value of i|,. 


44.1 


14.7 


8 


85 


73.5 


1 « • > 


6 


0.78 


10*'. 


• • • • 


f 
1 


0.74 


117.0 


« • • • 


10 


0.70 



It is clear, therefore, that if the air is 
not cooled during compression the effi 
ciency of the process decreases as the 
pressure to which the air is compressed 
is iicreater. Now in most cases the cool- 
ing arrangements are very imperfect, and 
the com])r(?ssion is nearly adiabatic. Con- 
seqnently tliere lias been relnetance to 
use higli initial pressun's, and this dimin- 
ishes the facility for distributing power 



by compressed air. As the other losses 
bcsiik's that due to heating are serious, 
the whole efficiency of the compressor ia 
coRaideiably less than tbe values calcu- 
lateil above. 

Fig. 3 shows an actual diagram from 
one of the best of the older Colladon 




contpressorn. Thi! shaded aresi BCDE ia 
the useful work of compression, U, cor- 
rcBpoudiug to the iireii EBCD iu Fig. 8. 
The thick line is the actual indicator- 
diiigriim. It will he seen that the actual 
diagnim is 38.15 [lor ci'iit larger than tlie 
isothermal iliagnim for the volume of air 
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admitted, the difference being due partly 
to tlie waate of work in heating the air 
and partly to valve-resisttiiice, caneing a 
l(i8S of pressure in the suction -stroke iind 
an excess preasuie during delitery into 



OaOKI[IUI.L COHFREBSOR. 

the niiiins. In this case r?,, measured 
from the diagnim, is ii.72. In several 
comjiressors tried by Professor Riedler, 
the loss of work in thi^ conipresaiiig pro- 
cess WHS twice as ^reat as in this case. 
Fig. 4 sliows a similar diagram for one of 
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the Cockerill compressors at Paris. The 
excess work here is 40.2 per cent of tlie 
useful work, and consequently /;, = 0.70. 
Obviously, part of this loss can be saved 
if the air is cooled during compression, 
and all compressors are provided with 
some means of cooling. Very genemlly 
a water-jacket to the compressing cylinder 
is used, but the action of this is very im- 
perfect. At Birmingham, although the 
compressors are well water- jacketed, and 
though the pressure is only 45 lbs. 
(gauge), the temperature of the air de- 
livered is about 280°. The area of sur- 
face of the cylinder is small compared 
with the volume of air compressed, and 
air parts with heat to a metal surface 
slowly. Spray injection into the cylinder 
answers much better in keeping down 
the tempemtiire. But it is believed that 
the result is partly deceptive, the cooling 
going on after the air is completely com- 
pressed, so that the compression-curve is 
hardly so much flattened as might be 
expected from the temperature at which 
the air is vlelivered. 



The onlyi-emiiiniiig ineaiia of reduciog 
the loss of work by heuting is ^ comprees 




ACTIOM or COHPOCKD CoHPRKSSOR. 

in two or more ntuges, and cool the air 

thoroughly bet wo en the stages. This in- 
termediate cooling can bu easily effected, 
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tlie air being taken through tubular ves- 
sels presenting any amount of cooling 
surface that may be required. 

In Fig. 5, EBCD is the diagi-am of 
isothermal compression as before. DF is 
au adiabatic, so that in single-stage com- 
pression, without cooling, CDF represents 
the work lost in useless heating. Now 
let it be supposed that the compression 
is effected in two stages. In the first 
stage, no cooling being assumed, the 
work lost will be the area HKD. But 
the air is then cooled to its initial tem- 
perature, and the volume shrinks from 
LK to LH. H is a point on the isother- 
mal DC. During the second stage HG 
is the adiabatic compression-curve, and 
CGH the work wasted in heating the air. 
It can now be seen that the effect of the 
intermediate cooling is to reduce the 
work expended in compression by the 
area GFKH ii very material quantity. . 

It is this stage-compression with inter- 
mediate cooling, and with spray-injection 
also, which Professor Ricdler lias adopted 
in the new compressors for Paris, with 
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mnrked increase of efficiency. Fig. 6 
flliows an actual duigram from one of the 
Biedler compressore, and it will be seen 
that the esceas compresBion is only 13.07 
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per cent, bo that in thia case ;;, hae the 
iiigh value 0.89. 

In using air for transmitting power it 
is important, with a view of diminishing 
the size of the mains, to adopt high 
initial presiiurfs, and it ia the inefficiency 
of the compressing process in ordinary 
machines which lias hitlierto prevented 
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the adoption of such pressures. Pro- 
vided the efficiency of the compressors 
can be increased, much greater pressure 
loss can be permitted in tlie mains, and 
consequently much smaller mains will 
suffice to transmit a given amount of 
power. 

Professor Riedler and Professor 

Gutermuth's Experiments on 

THE Efficiency of 

Compressors. 

If, as above, U^ = r^^XJ is the work ex- 
pended in compression after deducting 
the friction of the mechanism, and 

U, = 27,690 log. ^^ 

Pa 

is the useful work done in compression^ 
then 

is a coefficient of efficiency of the com- 
pressing process, which includes both the 
waste of work in useless heating and any 
losses due to clearance, valve resistance, 
etc. 

Professor Riedler has obtained a series 
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of indicator-diagrams from different com- 
pressor cylinders. On these he has drawn 
an ideal isothermal diagram without 
clearance or valve-losses and for com- 
pression to the pressure in the main. 
The excess of area of the actual diagram 
over the ideal diugnim is the work wasted 
in the compressing process, and from this 
Tf^ is easily calculated. The following 
table gives a series of such results : 

Efficiency 77a of Compkession. 



Type of Compressor. 


Pressure in 

Main, p,. 

Atnioh. 


Lost Work 

ill Per Cent 

of Useful 

Work. 


*?« 


CoUadon, St. Gothard . . 

■ • • 

Sturffeoii 

Colladon 

SlMe-valve compression 

Paxman 

Cockerill 

Kiedler two-stage 


6 
6 
3 
4 
5 

• 

6 
6 


105.0 
92.0 
94 3 
38.15 
49 3 
42 7 
40.2 
12.07 


0.488 
0.521 
0.515 
0.722 
0.670 
0.701 
0.713 
0.892 



The table shows how very low is the 
eflBciency of some of the older compres- 
sors. Even in the compressors in Paris 
with single-stage compression ;;^ = 0.70. 
Hence, if the friction of mechanism is 
taken account of, and 7, is put at 0.85, 
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the resiiltaut efficiency is 0.85 x 0.70 
= 0.505, or less tluiii six-teiithfl of the 
indicated work in the steatu-c^'limier is 
usefully cspundcd iii compression. The 
Riedler two-stage compressor gives a 
much better result. Takiug '/, = 0.87, 
its efficiency is 0.77. 

Professor Riodler has given some other 
figures, not hiiseJ as the above are on the 
measurement of i-ingle diagnimB, from 
which the efficiency of the Paris com- 
pressors can be calculated in a more 
trustworthy wiiy. The following data 
are given as the result of » scries of ez- 
perinieuts with each compressor: 
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From tliese figurea the following are 
calculated : 
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Theao results agree well with those 
obtiiincd aboTo in ii iliflerent way, 

ACTIOX OF THE AlR-MOTORS. 

An air-motor is simply a revcraeJ air- 
compressor. Hitlierto tlio coniiitions of 
efficiency in aij'-raotors liave received very 
little attention. In Paris many of those 
used are of small size, and in these a 
good efficiency is not to be exiiected. 
The best results have been obtained tlius 
far by adiipting old steam-engines to 
work aa air-motors, and tliis can be done 
at very little trouble. It is specially 
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desirable that in au air-motor the cvlin- 
der-clearance should be small or the 
compression suflScient. Probably the 
greatest source of avoidable waste iu air- 
motors lias beeu lt?akage at the piston. 
In a steam-engine, the condensation on 
the cylinder- wall helps to render the 
piston tight. In an ordinary air-engine 
the cylinder-surface is more or less dry, 
and the waste with air from leakage at 
even small apertures is very great. 

A considerable economy can be secured 
by reheating the air in a simple form of 
stove before admitting it to the engine. 
At first sight this seems a complication 
likelv to involve as much trouble as a 
steam-boiler. That, however, is not at 
all the case. Tlie reheating appliances 
are extremely simple, there is no risk of 
explosion, and the amount of heat which 
it is desirable to give to the air is insig- 
nificant compared with that required in 
raising steam. Professor Eiedler tried 
an old 80-U. P. steam-engine in Paris 
which liad been adapted to work as an 
/iir-niutor, and which was actually giving 
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72 indicated H. P. with compressed air 
at 5^ atmospheres pressure. It wa» 
using about 31,000 cubic feet (reckoned 
at atmospheric pressure) or about 2376- 
pounds of air per hour. This air was 
heated to a temperature of about 300^ 
Fahrenheit by the expenditure of only 
15 pounds of coke per hour. On a 
favorable assumption a steam-engine 
working to the same power would have 
required ten times this consumption of 
fuel at least. Reheating the air has the 
practical advantage of raising the tem- 
perature of exhaust of the motor, and 
for the amount of heat supplied the 
economy realized in the weight of air 
used is surprising. The reason of this is 
that tiie heat supplied to the air is used 
nearly five times as efficiently as an equal 
amount of heat employed in generating 
steam. 

In ccM'tain cases the air-motor cvlinder 
has been jacketed by hot air. This in- 
creases again the amount of work ob- 
tained per pound of air used. It can 
hardly be considered a thermodynami- 
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cally advantageous procees, but it may 
have advantages practically in raising 
the exhaust-temperature. Lately in some 
cases water has been injected in small 
quantity into the air while passing 
through the reheating stove. This passes 
into the engine as steam. It condenses 
during the expansion, yielding latent 
heat to the air, and thus raising the 
temperature of exhaust. Whether it is 
advisable from a purely thermodynamic 
point of view may be doubted, but it 
seems to have practical advantages possi- 
bly in lubriciiting the cylinder and pre- 
venting leakage. When steam is em- 
ployed in this way the expansion curve 
risps above the adiabatic and becomes 
nearly an isothermal. The steam may 
amount to about 5 per cent of the weight 
of air used. 

Useful Work done by an Air-motor. 

Let tlie air be delivered from the main 
to the air-motor at the pressure P, in 
lbs. per square foot, or p^ in lbs. per 
square inch. First let it be supposed 
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that the air is used in the motor cold^ 
its temperature being taken at 60* 
Fahrenheit and its volume in cubic feet 
per lb. being V,. Expanded adiabati* 
cally in an engine down to atmospherie 
pressure, pa , the work done would be in 
foot-lbs. per lb. of air. 



u. 



= 95,458 fl 






0.29-1 

J- 



(16> 



The actual work obtained in any given 
motor using air cold will be less than this 
in consequence of incomplete expansion, 
valve resistance, clearance, leakage, and 
other losses. Let the actual work shown 
on the indicator-diagram of the air-motor 
beU,. Then if 

;;, is the efficiency with which the fluid 
is used in the particular air-motor, a co- 
efficient which must be determined by 
experiment. r \ ;.-,.-. > 
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Second. Let it be supposed that the 
nir, arriving in the main with the tem- 
perature T, (absolnte), is reheated to a 
temperature T, before being used in the 
motor. As it is reheated at constant 
pressure, tlie amount of heat to be given 
to each lb. of air is 183.45 (T, - T,) 
foot lbs., or 0.2377 (T, - T,) thermal 
units. Then the work of adiabatic ex- 
pansion from !i pressure ;;, to atmospheric 
pressure /?« will be 

Generally the work shown by the indica- 
tor-diagram of any engine will be less 
than this, for tlic onuses mentioned above, 
and if ;/, is the efficiency with which the 
motor uses the fluid, the indicated work 
will be 

There is no reason for expecting 17, to be 
> <iiffei*ea)t^in this case from what it was in 
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the previous one, unless hot-air jacketing^ 
or steam injection, is used. In that case 
;;, will be larger, and may be taken to 
include the additional work due to heat 
supplied during the stroke. 

There is yet one more source of loss in 
the motor, the friction of the mechanism. 
If 7^ is the efficiency of the mechanism, 
then 

^5=^4^4, or i7,U/, 

is the effective or brake work of the 
motor per pound of air used. 

Exiyeviments on Air-motors by Pro- 
fessor Riedler and Professor Guterniuth* 
— In the following tables some of the ex- 
periments are quoted, together witli tlie 
work per pound of air and the values of 
7/3 and t]^. When Professor Eied I er does 
notgive the indicated, but only tlie brake, 
II. P. of the motor, it will be assumed 
that t}^ = 0.85 in order to calculate a 
probable value of 7,. 

It will be seen that in the older small 
motors the efficiency with which the fluid 
is used ranges from 0.37 to 0.44, which 
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perhaps, coiistdering the kind of motor, 
is a good result. In the hiter machines, 
^arranged to work expansively, the effi- 
<jiency ranges from 0.58 to 0.87, results 
remarkably good for motors so small. 
The coefficients are rather higher with 
reheated air, showing that the work done 
is increased even in a rather higher ratio 
than T,/T, . 

Some other experiments on smfill mo- 
tors may be passed over in order to con- 
sider some experiments on an old Farcot 
steam-engine, with Corliss valves, which 
had been converted for use as an air- 
motor. 

This engine was nominally of 80 H. P., 
and worked at 72 indicated H. P. in the 
trials. In all cases the air was reheated 
before use to about 300° Falirenheit. 
The cylinder was also jacketed by the 
hot air on its way to the cylinder-chest. 

The efficiency is therefore 0.81, an ex- 
tremely good result. 

Of all the work obtainable by the 
<?xpji]ision of one pound of air received 
at 95.5 lbs. per sq. in., and at a tempera- 
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ture of 300° Fahrenheit, four fiftlis is 
obtained as effective work on the brake. 
However, part of this work recovered is 
borrowed from the hot air before admis- 
sion to the cylinder and given back to it 
by tlie jacket. That the jacket consid- 
erably affected the working during ex- 
pansion is shown by the temperature 
•during exhaust. Tlie following table 
gives the temperatures the air would 
have reached by adiabatic expansion, and 
the actual temperatures of the exiiaust 
in the experiments above: 



Initial 
Temi>erature. 


Final Tempera- 
ture for Adiabatic 
Expansion. 


Actnal 
FiiiHl 
Tern- 


Increase 
of Tem- 
perature 
of Ex- 


Fahr. 


AbRO- 
liit«. 


Fahr. 


Absolute. 


ture. , »'a'»st 

Fahr. ' ,^»»: 'o 
1 .Jacket. 


805 
820 
838 


725 
766 
781 
799 


- 75 

- 53 

- 45 

- 85 


386 
4(»H 
416 
426 


- 
- 


h 70 

- 84 

- 95 
-120 


145 
137 
140 
155 
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Pbactical Calculations on the Dis- 
tribution OF Power by 
Compressed Air. 

It will be convenient first to give a 
summary of the formulas required in 
settling a system of compressed-air dis- 
tribution, and afterwards to discuss some 
special cases. 

Let Pa be tlie pressure in lbs. per sq. ft., 
;>„ the pressure in lbs. per sq» 
in., Va the volume of a lb. in 
cu. ft., Ta the absolute temper- 
ature of air admitted from the 
atmosphere to the compressor. 

^if Pi* ^^> '^i ^^^^ same quantities 
for air discharged from the 
compressor into the main. 

^^y Viy ^1^ 1\ ^'^® same quantities 
for air arriving at the point of 
consumption in the main. 

XJ = indicated work done bv the 
steain on the piston of the com- 
pressor reckoned in H. P. 
U, = r^y = corresponding indicatecJ 
work in the compressor cylinder^ 
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TJ, = /;,U, = useful work of com- 
pression, or work of isothermal 
compression from ;>„ to ;;, . 

U, = available work of air arriving 
at tlie motor, or work of adia- 
batic expansion from p^ to p^ . 

U^ = ^jUj = indicated power of the 
air-motor. 

XJ^ = v,U, = effective or brake work 
of the air-motor. 

Taking P« = 211G.3, p^ = 14.7, V^ = 
13.09, T« = 521^ 

PaVa = 27,690. (1) 

If W lbs. of air are compressed per 
second by U horse-power in the steam- 
cylinder corresponding to U, indicated 
horse-power in tlie compressor-cylinder, 
then, allowing both for friction of me- 
dian ism :ind clearance, leakage, and 
other losses in compression, 



5507,7,U = 27,G90W log«^. 

Pa 

50.3 log A- 

2^a 



(2) 
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When by conduction in the main the 
air is at its initial temperature Ta , 



P^V, = 27,690, 
;;^V, = 192.3. 



(3) 



If v^ is the initial velocity of the air 
in the main, the diameter of which in 
feet is d, 



n 



^(Tv, = WV, = 192.3 W/p, , 

eZ = 15.64i/— -. . . (4) 

The pressure falls in a main of length 
/ in feet from ]\ to p^, the amount being- 
given by the equation 



P 



--_y V - 74,;jOO,OO0r/ f • • ^^^ 



The available work of the air arriving at 
the motor with the pressure ;>, at atmos- 
})horic temperature T„ is, if it is used 
without reheating, in II. P., 
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^'~ 650 L 



- fen 



= 173.5w[l-W'']. . (6) 

If reheated to T, before admission to 
the motor, 

U/ = 173.5W?^[]-(|^)''*]. (7) 

Indicated work of motor 

= U. = ^^U.. ... (8) 
Brake or effective work of motor 

= U. = 7/,U (9) 

Vahies asstcmedfor the Coefficients of 
Effieiencii. — It appears that the efficiency 
of the mechanism of compressors is from 
0.85 to 0.87. In the following calcula- 
tions it will be assumed that //, = 0.85. 
As to the efficiency of the process of 
compression, this varies greatly with the 
typo of compressor. In some of the 
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older single-stage compressors it is as low 
as 0.5. But tiiking the best of those 
tried by Professor Riedler and slightly 
rounding off the values, 

For single-stage comjiressors, t;, = 0.7, 
** two-stage " 7/, = 0.9, 

The loss in the main must be calculated 
for each special case. 

For the air-motors,, as it is not in- 
tended to discuss the use of air on a 
small soal(», it will be assumed that 
7f^ = O.S.') and 7/^ = 0.9. These values 
are slightly below those obtained in the 
experiments, and the results should there- 
fore be such as are practically realizable 
in ordinary work. 

Case 1.-10,000 IT. P. is to be trans- 
mitted a distance of 2 miles. Taking 
7/^ = 0.85 and //, = 0.9 (two-stage com- 
pression) the useful work of compression 
will be 7()5() H. P. Xow, let the air be 
compressed to 4, 8, and 12 atmospheres 
on the gauge, then the weight of air 
compressed will be as follows: 
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Case I. 


Initial Gauge 

Pressure. 
Atmospheres 


Initial Pressure 
. Lbs. per 
Square Inch. 
Absolute. 


Pi 

Pa 

5 

9 

18 


Weight of Air 

Compressed 

in Los. per 

Second = W. 


a 

b 

c 


4 

8 

12 


78 5 
182.8 
191.1 


94.54 
69.10 
59.29 



To ascertain saitable diameters for the 
main, let initial velocities of 30, 50, and 
75 feet per second be assumed. For 
these velocities, and in the cases de- 
scribed, the diameters required will be 
as follows: 



Case I. 


Initial Press- 
ure. Lbs. per 
Square Inch. 
Absolute. 


Initial Velocity 

in the Main. 

Feet per 

Second. 


Diameter of Main, 


In Feet. 


In Inches. 


a 

b 

c 


735 
182.8 
191.1 


80 

■^60 

75 

(30 
-^50 
(75 

(30 

-^50 
75 


3.23 
2..'i0 
2.05 

2.06 
1.60 
1.81 

1.59 
1.23 
1.01 


39 
30 
25 

25 

19 
16 

19 
15 
12 



None of these mains are impracticable 
in size, and for the higher pressures and 
velocities they are surprisingly small. 
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conBiilering that tbey are shown to be 
capable uf trarmmittiiig .10,(>(K) Jiidicutcd 
steum II. I*, u distaiicu of 2 tiiJlus. It 
remiiiiis to exBmiiie whether the loss of 
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None of tlif3« losses would render tho 
utiliziUioii of tlic iiinver iniiinsBible, and 
it is only at the highi'st iifessiircs and 
vi'IocJUL'8 that the fall of pressure is 
serious. 

I^istly. the power devdoited ut the air- 
inoiiT due to 10,000 indJL-uU'd steam 
II. r. in the compresst.r lius to \>e calcu- 
hited. The air being delivered at a 



distance of 'Z miles, iiiid used cold, tlie 
H. P. obtained will be aa follows : 
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It is very striking how littlfi tlie effi- 
ciency is affected by considerable cliaiigea 
in the iiiitiul pressure and velocity in tlie 
ntuins; with the exception of two cnees, 
for 10,000 steam indicated H. P. expended 
at the comproBsor there is obtiiined from 
4400 to 5100 indicated H. P. at the air- 
motor. That is to say, the efficiency of 
the whole iirrarigement, compressor, main, 
and air-motor, when the air is used cold, 
riinges from 44 to 51 per cent, and that 
with mains of quite moderjito size. 
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If the ailviintiigc of relieatiug at tlie 
motor is rfsoiteil to, wliich in no casti in- 
volves jiiiy giTiit ailtlitioiial trouble, anil 
which from tlic ainall amount of fuel i-u- 
quirL'd fan often be carried out with very 
little additioniil e.xpciiB*.-, the H. P. ob- 
tainoO will be us followB; Li't it be sup- 
posed tliat the iitr arriving at the motor 
at 00° Fahrenheit is reheated to 300° 
Fahrenheit, as in the c;isc of the Fareot 
steiiiu-eiigino, details of which are given 
above. Then 
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Hero again, -excepting two ca^s, the 
eflSoioucy reckoned on the indicated 
power is from 64 to 75 per cent, neglect- 
ing the cost of the fuel for reheating. 

Case II. — A long-distance transmission 
may now be discussed. Suppose, as be- 
fore, that 10,000 indicated H.P. is de- 
veloped in the steam-cylinders of the 
compressors, and is to be transmitted a 



Case II. 


Initial 
Pressui-e. 
Lbs. per 

Sq. lu. 
Absolute. 


Initial 
Velocity. 
Feet per 

Second. 


Diameter 
of Main 
in Feet. 


Diameter 
of Main 

in 
Inches. 


d 

e 

/ 


78.5 
13-2.3 
191.1 


(20 
^35 
(50 

20 

-^85 

50 

(20 

l50 


8.96 
2.99 
2.51 

2.58 
1.91 
1.60 

1.95 
1.47 
1.28 


47.5 
35.9 
80.1 

30.4 
22.9 
19.2 

23.4 
17.6 
14.8 



distance of 30 miles. Taking the same 
pressures as before, the calculations of 
the weight of air compressed need not be 
repeated. The initial velocities previ- 
ously assumed will, however, be exces- 
sive, because the velocity in the main 
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increases as the pressure falls^ and in this 
case, as the fall will be considerable, the 
terminal velocities are much greater than 
the initial velocities. Initial velocities 
of 20, 35, and 50 feet per second will be 
assumed.* 

None of these mains are impracticable 
in size. The following table* gives the 
calculation of the pressure los.s : 













Lofwof 




Initial 


Initial 


Diam- 


Terminal 


Pres.sure 


Case II. 


Prt»8H- 


V*?loc- 


eter of 


Pre«8iirp. 


in per 




ure. 


ity. 


Main 


Lbs. iwr 
Sq. In. 


cent of 




in Feet. 


Initial 












Pretwure. 






(20 


3.9G 


68.0 


7.4 


d 


73.6 


.35 


2.91) 


47 


35.3 






150 


2.51 


Imi)osaible 


■ ■ • * 






(30 


2.53 


116 5 


11.9 


e 


182.3 


l.Ol 


38.4 


70.» 




1 


(50 


1.00 


Impossible 


• • • • 






(IK) 


1,95 


160. R 


15.8 


/ 


191.1 


.85 


1.47 


ImpoRHible 


• • • • 






(50 


1.23 

1 


Itni>ossible 


• • • ■ 



It turns out on calculation that some 
of the cases a.<8umed are impossible. 
That is, the whole initial pressure is in- 
sufficient to give the assumed initial ve- 
locity. In one other case, the 1.91 foot 
main with a velocity of 35 feet, the loss 

♦ See table on pa^e 111. 
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of pressure in the main is impracticably 
largo. There remain, however, four 
ciises in which neither the size of main 
nor the loss of pressure in a transmission 
to a distance of 20 miles is such as to 
render the transmission impracticable. 
In three cases the loss is remarkably 
fimall, and the terminal pressure quite 
suitable for application. For instance, 
it appears that the air compressed by 
10,000 II. P. to 132.3 lbs. per sq. in. can 
be transmitted to a distance of 20 miles 
in a 30-inch main with a loss of pressure 
of only 12 per cent. 

The power delivered at a distance of 
20 miles by air-motors using the com- 
pressed air can now be calculated. If 
the air is used cold the power obtained 
will be as follows: 



Case II 



d 

e, 

f 



Initial 


Terminal 


Initial 


Indi- 


Pressure. 


Pressure. 


Velocity 


cated 


lAm. per 
Sq. In. 


Lbs. per 
Rq. In. 


in Main. 


H. P. 


Feet per 


of 


Absolute. 


Absolute. 


Second. 


Motor. 


T3.6 ] 


68.0 


20 


4.989 


47.6 


35 


4,017 


13,».3 


116.5 


20 


4,598 


191.1 


160.8 


30 


4,865 



Brake 
or Ef- 
fect I ve 
H.P of 
Motor. 



4.490 
3.615 
4,138 
3,928 
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If the air is reheated to 300'' Fahr., as 
assumed in the previous case. 



Case II. 



d. 



Initial 
Pressure. 
Lbs. per 

8q. In. 



73.5 

182.3 
191.1 



Terminal 

Pn'ssure. 

Lbs, per 

Sq. In. 



68.0 

47.6 

116.5 

160 8 



Initial 
Velocity 
in Main. 
Feet per 
Second. 



30 
85 



Indi- 
cated 
H. P. 

of 
Motor. 



7.284 
5,865 
6.718 
6,373 



Brake 

orKf- 

fective 

H. P. of 

Motor. 



6,555 
5,«7a 
6.011 
6,785 



Here the offieioncy of the wliole ar- 
raiigenient — calcuLited on the indicated 
power, the air being delivered at a dis- 
tance of 20 iniles^ and inchiding all losses 
— is 40 to 50 per cent if the air is used 
cold, and 59 to 73 per cent if the air is 
reheated. The results are based abso- 
lutely on efticiencies already obtained in 
similar cases, and the sole loss neglected 
is possible leaka«xe in the mains. 

Fig. 7 is dniwn to scale for Case II, e. 
It is a diagram showing the relation of 
the work expended and useful work re- 
covered when 10,000 H. P. is transmitted 
20 miles in a main 30 inches in diameter* 
AEOB is the work expended in a two- 
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stage compressor, compressing 1 lb. of 
air from 14.7 to 132.3 lbs. per sq. in. By 
cooliug in the mains the volume of the air 
shrinks from EG to EP. The frictional 
resistance reduces the pressure to 116.5 
lbs. per sq. in., when the air has the volume 
MK determined by the isothermal. The 
work done by an air-motor, using the air 
cold, is MKCA. If the air is reheated to 
SOC^ the volume expands from MK to 
ML (1.46 times). Then the work of the 
air-motor, using reheated air, is MLDA, 
and KLDC is the important gain of 
work due to reheating. Of course the 
areas given by the diagram have to be 
multiplied by the efficiencies given above* 
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Dynuinic .Machinery. \'i)l. I. Illustrated. 8vo, cloth, i 90 

KING (W. II.) Lessons and Practical Notes on Steam. 
The Sicam-Engine. Propellers, etc.. for Young Ma- 
rine Knguioeis, Students, iind others. Revised by 
I Chief Engineer J. W. Kiiin;, United States Navy. 

bvo, cliith 3 00 

KIR K A LI) Y .W.M. G.) Illustrations of David Kir- 
kaldy*s System of Mechanical Testing, as Originated 
and Carried On by him during a ^>uurter of a Century. 
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Comprising a Large Selection of Tabulated Results, 
showing the Strength and other Properties of Ma- 
terials used in Construction, with Explanatory Text 
and Historical Sketch. Numerous engravings and as 
lithc^aphed plates. 410, cloth 15 00 

(CIRKWOOD (JAS. P.) Report on the Filtration of 
River Waters for the supply of Cities, as practised in 
Europe. Illustrated by 30 double-plate engravings. 
4to, cloth 15 00 

LA RR A BEE (C. S.) Cipher and Secret Letter and Tele- 
graphic Code, with Hog's Improvements. i8mo, 
cloth 60 

LARDEN (W., M. A.) A School Course on Heat. lamo, 
half leather 2 00 

LEITZE (ERNST). Modern Heliographic Processes. 
A Manual of Instruction in the Art of Reproducing 
Drawings, Engravings, etc., by the action of Light. 
With 72 wood-cuts and ten specimens of Heliograms. 
8 vo, cloth. Second edition 300 

LOCKWOOD (THOS. p.) Electncity, Magnetism, and 
Electro-Telegraphy. A Practical Guide for Students, 
Operators, and Inspectors. 8vo, cloth. Third edi- 
tion 350 

LODGE (OLIVER J.) Elementary Mechanics, includ- 
ing Hydrostatics and Pneumatics. Revised edition. 
1 2mo, cloth I ao 

LOCKE (ALFRED G. and CH.^RLES G.^ A Practical 
Treatise on the Manufacture of Sulphuric Acid. 
With 77 Constructive Plates drawn to Scale Measure- 
ments, nd other Illustrations. Royal Bvo, cloth 15 00 

LOVELL (D. H.) Practical Switch Work. A Hand- 
book for Track Foremen. Illustrated lamo, cloih.. 1 50 

LUNGE (GEO ) A Theoretical and Practical Treatise 
on the Manufacture of Sulphuric Acid and Alkali with 
the Collateral Branches. Vol. 1. Sulphuric Acid. 
Second edition, revised and enlarged. 34a Illustra- 
tions. Svo.. cloth 1300 

• and HUNTER F.) The Alkali Maker's Pockct- 

Book. Tables and Analytical Methods for Manufac- 
turers of Sulphuric Acicf. Nitric Acid, Soda, Potash 

■'. Second edition, lamo, cloth. 3 oo 
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MACCORD (Prof. C. W.) A Practical ' ^tbe OH t&e 
Slide- Valve by Eccentrics, examining by methods the 
action of the Eccentric upon the blide- Valve, and 
explaininfir the practical processes of laying out the 
movtfincniii, adapting the Valve for its various duties 
in the Steam- Engine. Illustrated. 4to, cloth. a 50 

MAYER (Prof. A. M.) Lecture Notes on Phsrsics. 8vo. 

cloih a 00 

Mcculloch (Prof. R. S.) Elementary Treatise on the 
Mechanical Theory of Heat, and its application to Air 
and Steam Engines. 8vo, cloth 3 50 

MERRILL (Col. WM. E., U. S. A.) Iron Truss Bridges 
for Railroads. The method of calculating strains in 
Trusses, with a careful comparison of the most promi* 
nent Trusses, in rcfeicnct; to economy in combination, 
etc. Illustrated. 410, cloth 500 

METAL TURN'ING. By a Foreman Pattern Maker. 

Illustrated with 81 engravings, izmo, cloth z 50 

MINIFIE'WM.) Mechanical Drawing. AText-bookof 
Geometrical Drawing for the use of Mechanics and 
.schools, in wliich the Definitions and Rules of Geom- 
etrv are familiarly explained ; the Practical Problems 
are arranged from the most simple to the more com- 
plex, and in their description technicalities are avoided 
as much a<i possible. With lllu^t^al ions for Drawing 
Plans. Sections, and F2levations of Railways and Ma- 
chinery ; an Introduction to Isometrical Drawing, and 
an Essay on Linear Perspective and Shadows. Illus- 
trated with over 300 diagrams engraved on steel. 
With an appendix on the Theory and Application of 
Colors. 8vo. cloth 4 co 

- Geometrical Drawing. Abridged from the octavo 
edition, for the use of schools Illustrated with 48 
steel plates Ninth edition, lamo, cloth 300 

MODERN METEOROLOGY. A Series of Six Lectures. 
delivered under the auspices of the Meteorological 
Socicry in lii-^'.- Illustrated, izmo, cloth i 50 

MOONEY (WM.i Ihc American Gas Engineers' and 
Superintendens' Hand-book, consisting of Rules, 
Reference '1 ablc"^. and <»rig;nal matter pertaining to 
the Manufacture, Manipulation, and Di>tr:bution d 
Illuminating Gas. lilustratcd. i^mo, morocco . .. 3 00 
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MOTT (H. A., Jun ) A Practical Treatise on Chemistry 
(Qualitative and Quantitative Analysis), Stoichi- 
ometry. Blow-pipe Analysis, Mineralog-y, Assayings, 
Pharmaceutical Preparations, Human Secretions, 
Specific Gravities. Weights and Measures, etc. New 
Edition, 1883. 650 pages. 8vo, cloth 400 

MULLIN (JOSEPH P , M.E.) Modem Moulding and 
Pattern-making. A Practical Treatise upon Paitern- 
Shop and Foundry Work : embracing the Moulding 
of Pulleys, Spur Gears, Worm Gears. Balance-wheels, 
Stationary Engine and Locomotive Cylinders, Globe 
Valves, Tool Work, Mining Machinery. Screw Pro- 
pellers. PHtiern-shop Machinery, and the latest im- 
provements in English and American Cupolas; 
together wiih a large collection of original and care- 
fully selected Rules and Tables for every-day use in 
the Drawing Office. Pattern-shop, and Foundty. 
lamo. cloth, illustrated. 250 

MUNRO (JOHN, C.E.) and JAMIESON (ANDREW. 
C.E.) A Pocket book of Electrical Rules and 
Tables for the use of Electricians and Engineers. 
Seventh edition, revised and enlarged. With numer- 
ous diagrams. Pocket size. Leather 250 

MURPHY (J. G., M.E > Practical Mining. A Field 
Manual lor Mining Engineers. With Hints for In- 
vestors in Mining Properties. i6mo. morocco tucks . i 50 

NAQUET (A.) Legal Chemistry. A Guide to the De- 
tection of Poisons. Falsification of Writings, Adulter- 
ation of Alimentary and Pharmaceutical Substances, 
Analysis of Ashes, and examination of Hair. Coins, 
Arms, and Stains, as applied to Chemical Jurispru- 
dence, for the use of Chemists. Physicians. Lawyers, 
Pharmacists and Experts. Translated, with addi- 
tions, including a list of books and memoirs on Toxi- 
cology, etc., from the French, by J. P. Baitershall, 
Ph.D., with a preface by C. F. Chandler, Ph.D., 
M.D., LL.D. lamo, cloth 2 00 

NEWALL (J. W.) Plain Practical Directions for Draw- 
ing, Sizing and Cutting Bevel-Gears, .showing how the 
Teeth may be cut in a plain Milling Machine or Gcait 
Cutter so as to give them a correct shape, from end 
'.o end : and showinc how to get out all particulars for 
the Workshop without making any Drawings. In- 
cluding a full set of Tables ox Reference. Folding 
j'lates, 8vo., cloth 3 00 
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NRWLANDS (TAMES). The Carpenters and Joiners* 
Assistant : being a Comprehensive Treatise on the 
Selection. Preparation and Strength of Materials, and 
the Mechanical Principles of Framin|r, with their 
application in Carpentry, Joinery, and Hand-Railing; 
also, a Complete Treatise on Sines ; and an illustrated' 
Glossary of Terms used in Architecture and BuiUiing. 
Illustrated. Folio, half mor 15 oq 

NIB LETT (J. T.) Secondary Batteries. Illustrated. 

umo, cloth z 50 

XIPHER (FRAN'CIS E.. AM) Theory of Magnetic 
Measurements, with .in appendix on the Method of 
Least Squares, i-jmo. cluih 100 

NO AD < HENRY M.) The Students* Text-book of Elec- 
tricity. A new edition, carefully revised. With an 
Introduction and additional chapters by W. H. 
Prcece. With 471 illustrations, ismo, cloth 400 

NUGENT iE.» Treatise on Optics; or. Light and Sight 
theoretically and practically treated, with the appli- 
cation to Fine Art and Industrial Pursuits. With 103 
illustrations, izmo. cloth 1 50 

PAGE rOAVID;. The Earth's Crust, a Handy Outline 

of Geolojjy. i6mo, cluth 75 

^'ARSONS (Jr.. W. B.. C.E ) Track, a Complete Man- 
ual of Maintenance of Way. according to the latest 
and Best Practice on Leading American Railroads. 
Illustrated. 8 vo. cloth 200 

/EIRCE iB.) System of .\nalyiic Mechanics. 4to, 

cloth 1000 

PHILLIPS «JOSHUA>. Engineering Chemistry. A 
Practical Treatise for the use of Analytical Chemists, 
F,nKineers. Iron Masters. Iron Founders, students and 
others. Comprising methods of Analysis and Valu- 
.iMon of the principal materials used in Engineering 
works, with numerous Analyses. Examples and Sug- 
grstions. 1T4 II lustrations. 8vo. cloth 400 

PLANE TABLE (THE). Its Uses in Topographical 

Survevini:. Illustrated. J^vo. cloth a 00 

PLATTNER. Manual of Qualitative and Quantitative 
Analysis with the Blow-pipe. From the last German 
edition, revised and enlarged, by Prof. Th. Richter. 
cf the Royal Saxon Mining Academy. Tran.slated by 
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Prof. H. B. Cornwall, assisted by John H. Caswell. 
Illustrated with 87 wood-cuts and one lithographic 
plate. Fourth edition, revised. 560 pages. 8vo, 
cloth 500 

PLANTE (GASTON). The Storaure of Electrical En- 
ergy, and Researches in the Effects created by Cur- 
rents, combining Quaiuity with High Tension. 
Translated from the French by Paul B. Elwell. 89 
illustrations. 8vo 4 00 

PLYMPTON (Prof. GEO. W.) The Blow;pipc. A 
Guide to its use in the Determination of Salts and 
Minerals. Coqnpiled from various sources. 12 mo, 
cloth 150 

POCKET LOGARITHMS to Four Places of Decimals, 
including Logarithms of Numbers and Logarithmic 
Sines and Tangents to Single Minutes. I'o which is 
added a Table of Natural Sines, Tangents and Co- 
Tangents. I orao, boards 50 

POPE (F. L.) Modern Practice of the Electric Tele- 
graph. A Technical Hand-book for Electricians, 
Managers and Operators. New edition, rewritten 
and enlarged, and fully illustrated. 8vo, cloth i 50 

PRAY (Jr.. THOMAS). Twenty Years with the Indi- 
cator; being a Practical Text-book for the Engineer 
or the Student. Illustrated. 8 vo, cloth 350 

PRACTICAL IRON-FOUNDING. By the author of 
*' Pattern Making,'^ etc., etc. Illustrated with over one 
hundred engravings. lamo, cloth i 50 

PREECE (W H.) and STUBBS (A. J.) Manual of Tele- 
phony. Illustraticnsand Plates, lamo, cloth 450 

PRESCOTT (Prof. A. B.) Organic Analysis. A Manual 
of the Descriptive and Analytical Chemistry of certain 
Carbon Compounds in Common Use ; a Guide in the 
Qualitative and Quantitative Analysis of Organic 
Materials in Commercial and Pharmaceutical Assays, 
in the estimation of Impurities under Authorized 
Standards, and in Forensic Examinations for Poisons, 
with Directions for Elementary Organic Analysis. 
8vo, cloth 500 

•^-^ Outlines of Proximate Organic Analysis, for the 
Identitication. Separation, and Quantitative Deter- 
mination of the more commonly occurring Organic 
Compounds. lamo, cloth t 7^ 



l6 D. VAN NOSTRAND COMPANY*S 



PRESCOTT <Prof. A. B.) First Book in Qualitative 

Chemistry. Fifth edition. 12010, cloth i 50 

and OTIS COE JOHNSON. Qualitative Chemical 

Analysis. A (iuide in the Practical Study of Chem- 
istry and in the work of Analysis. Revised edition 
With Descriptive Chemistry extended throughout 3 50 

PRITCKARD (O. G.) The Manufacture of Electric 

Light Carbons Illustrated. 8 vo, paper 60 

PULSIFER (W. H.) Notes for a History of Lead. 8vo, 

clt'th, jifilt tops 400 

PYNCHON (Prof. T. R.) Introduction to Chemical 
Plivsics, designed for the use of Academies, Colleges, 
and II.pH.* ^./Chools. 269 illustrations on woo<l. Crown 
8v<), cloih 3 00 

RANDALL (J. E ) A Practical Treatise on the Incan- 
descent Lamp. lUustraicd. i6mo, cloth 50 

"P. yi.) Quartz Operator's Hand-book. New edi- 
tion, revised and enlarged, fully illustrated. lacio, 
tloih 200 

RAFTP:R (GEO. W ) Sewage Disposal in the United 

States. Illustrated. 8vo, cloth 600 

RANKINE (W J. MACgrORN. C.E., LL D.. F.R.S.) 
Applied Meclianu s. L"n-. prising the Principles or 
Statics and Cinematics, and 'Ihcory of Structures. 
Mechanism, and Machines. With numerous dia- 
t'rams. Thorou}:hIy revised by W. J. Millar. Crown 
f.vo. chjih 500 

. Civil Engineering. Comprising Engineering Sur- 
veys. Earthwork. Foundations. Masonry. Carpentry, 
Metal-work. Roads, Railways, ( an<«ls, Rivera. Water- 
Works, Harbors, etc. With numerous tables and 
illustrations. Thoroughly revised by W. J. Millar. 
Crown 8vo, cloth 6 50 

Machinery and Millwork. Comprising the Gcom- 

try. Motions. Work. Strength, Construction, and 
Objects of Machines, etc. Illustrated with nearly 300 
woodcuts. Thoroughly revised by W. J. Miller. 
Crown Svo, cloth 500 

The Steam-Engine and Other Prime Movers. 

With diagram of the M«chanical Properties <»t Steam. 
folding plates, numerous labies and illustrations. 
Thoroughly revised by W. J. Millar. Crown Svo, 
cloth 500 
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RANKINE (W. J. MACQUORN. C.E., LL.D., F.R.S.) 
Useful Rules and Tables for Engineers and Others. 
With Appendix, tables, tests, and formulae for the use 
of Electrical Engineers. Comprising Submarine 
Electrical Engineerine, Electric Lighting, and Trans- 
mission of Power. By Andrew Jamieson, C.E., 
F.R.S. E. Thoroughly revised by W. J. Millar. 
Crown 8vo, cloth 400 

A Mechanical Text-book. By Prof. Macquorn 

Rankine and E. F. Bamber, CIS.. With numerous 
illustratioMS. CrOv/n, 8vo, cloth 350 

REEDS ENGINEERS' HAND-BOOK, to the Local 
Marine Board Examinations for Certi^cates of Com- 
petency as First and Second Class Engineers. By 
W. H. Thorn, Illusiraied. ^vo, cloth 450 

RICE (Prof. J. M ) and JOHNSO < <Prof. W. W.) On a 
New Method of obtaining the Differential of Func- 
tions, with especial reference to the Newtonian Con- 
ception of Rates or Velociiies. i2mo, paper 50 

RIPPER (WILLIAM). A Course of Instruction in Ma- 
chine Drawing and Design for Technical Schools and 
Engineer Students. Wiih yj plates and numerous 
explanatory engravings. Folio, cloth 7 50 

ROEBLING (J. A.) Long and Short Span Railway 
Bridges. Illustrated wiih large copperplate engrav- 
ings of plans and views. Imperial folio, cloth 35 00 

ROGERS (Prof. H D.) The Geology of Pennsylvania. 
A Government Survey, with a General View of the 
Geology of the United Slates, essays on the Coal 
Formation and its Fossils, and a description of the 
Coal Fields of North Americ.i and Great Britain. 
Illustrated with plates and engravings in the text. 3 
vols. 4to, cloth, with portfolio of maps 15 cx> 

ROSE (JOSHUA, M.E ) The Pattern-m.ikers] Assistant. 
Embracing Lathe Work. Branch Work, Core Work, 
Sweep Work, and Practical Gear Constructions, the 
Preparation a" d Use of Tools, together with a large 
collection of useful and valuable Tables. Sixth 
edition. lUust ated with 250 engravings. 8vo, cloth, i 50 

Key to Eng nes and Engine-Running. A Practi- 
cal Treatise uz »n the Management of Steam Engines 
and Boilers, fc the Use of Those who Desire to Pass 
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an Examination to Take Charge of an Engiae or 
Boiler. With numerous illustrMtions, and Instruc- 
tions upon Enf^ineern' Calculations, Indicators, Dia- 
frams. Engine Adjustments, and other Valuable 
n formation necessary lor Engineers and Firemen. 
i2ino, cloth A oo 

SABINE (ROBERT). History and Progress of the 
Electric Telegraph. With descriptions of some of 
tne Hppai.itus. i^ino, cioth i « 

SAELTZER (ALEX.) Treatise on Acoustics in connec- 
tion wjili Veniilaiion. lamo.cloih i cm» 

SALO.MONS (Sir DAVID. M. A.) Electric Light Instal- 
lations. Vol. I. The raanaKciiicnt of Accumulators. 
Seventh edition, revised and enlarged, with numerous 
ill ustrations. 1 2mo, duth 1.50 

SAl'SNIER (CLAUDIUS). Watchmaker's Hand-boolc. 
A Work>h<)[> Companion for thu".*: engaged in Watch- 
making and aliico Mechanical Arts. Translated by 
J, Tripplm and E. Rigg. umo.cloth 350 

SEAT ON (A. E.» A Manual of Marine Engineering. 
Comp'ihing tnc Designing, Construction, and Work- 
ing ot Marine Macliineiy. With nu 1 crou!» tables aud 
illustrations. loth edition. 8vo, cloth 500 

SCHUMANN fF.) A Manual of Heating and Ventila- 
tion in us Practical Application. lor the "«e of Engi- 
neers and Architects. Embracing a s«:ries of Tabtes 
and Formula.' for dimensions of hea ingj^ flow and 
retuin pipes for steam and hot-watei ooilers, flues, 
etc. i2ino, illusiraicd, lull roan : 

Formulas and Tables for Architects -nd Engineers 

in calculating the strains and capacity of structures in 
Iron and Wood, umo, morocco, tucfcj 

SCRIBNER (J. M.') Engineers' an.l Mechanics' CoO 
namon. Comprising United States V. eights and 
Sloasurcs. Mensuration of Si:perticcs, and Solids, 
Tables of Squares and Cubv.>, Square and Cube 
Roots, Circuiiilerence and Arcas of Circles, the Me- 
chanical Powers, Centics of Ciravity, Oravitation of 
Bodies, Pendulum-., Speciric (iravity of Kodies, 
Strength. Weight, ami Crush of Materials. Water- 
Wheels, Hydrostatics, Hydraulics, Statics, Centres of 
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Percussion and Gyration, Friction Heat, Tables of 
the Weight of Metals. Scantling, etc. Steam and 
the Steam- Engine. i6mo, full morocco i 50 

8CHELLEN (Dr. H.) Magneto- Electric and Dynamo- 
Electric Machines: their Construction and Practical 
Application to Electric Lighting, and the Trans- 
mission of Power. Translated from the third German 
edition by N. S. Keith and Percy Neymann, Ph.D. 
With very large additions and notes relating to 
American Machines, by N. S. Keith. Vol. i, with 
333 illustrations 5 00 

SHIELDS (J. E.) Notes on Engineering Construction. 
Embracing; Discussions of the Principles involved, 
and Descriptions of the Material employed in Tun- 
nelling, Bridging, Canal and Road Building, etc. 
x2mo, cloth I 50 

SHREVE (S. H.) A Treatise on the Strength of Bridges 
and Roofs. Comprising the determination of Alge- 
braic formulas for strains in Horizontal, Inclined or 
Rafter, Triangular, Bowstring, Lenticular, and other 
Trusses, from tixed and moving loads, with practical 
applications, and 'examples, tor the use of Mudents 
and Engineers. 87 woodcut illustrations. 8vo, cloth. 3 5P 

SHUNK (W. F.) The Field Engineer. A Handy Book 
cf Practice in the Survey, Location, and Truck-work 
of Railroads, containing a large collection of Rules 
and Tables, original and selected, applicable to both 
the Standard and Narrow Gauge, and prepared with 
special reference to the wants of the young Engineer. 
Ninth edition. Revised and Enlarged. i2mo, mo- 

SIMMS (F. W.) A Treatise on the Principles and Prac- 
tice of Levelling. Showing 'its application to pur- 
poses of Railway Engineering, and the Construction 
of Roads, etc. Revised and corrected, with the addi- 
tion of Mr Laws' Practical Examples for setting out 
Railway Curves. Ilustrated. 8vo, cloth 250 



Practical Tunnelling. Expla-ning in detail Setttng- 



out of the Work. Shaft sinking, Suo-excavaiing, Tim- 
bering, etc., with cONt of v\orK ivo, cloth 759 
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SLATER (J. W.) Sewa^ire Treatment, Purification, and 
I'tilization. A Practical Manual for the Vac of Cor- 

F orations. Local Boards, Medical Officers t/f Health, 
nspectors of Nuisances, Chemists, ManufHciurers, 
Riparian Owners, Engineers, and Rate-payers, izmo, 

cloih 2 35 

SMITH (ISAAC W, C.E.) The Theory of Deflections 
and of Latitudes and Departures. With special 
applications to Curvilinear Surveys, for Alignments 
oi Railway Tracks. Illustrated. i6mo, morocco, 
tucks .. 300 



((iUSTA VUS W.) Noies on Life Insurance. The- 



oretical and Practical. Third edition. Revised and 
enlarged . 8 vo, cloth a 00 

STAHL (A. W.) and WOODS fA. T.) Elementary 
Mechanism. A Text-book for Students of Mechanical 
Engineering. 12 mo, cloth 200 

STALEY(CAI)Y)and PIERSON (GEO. S.) The Sep- 
arate System of Sewerage : its Theory and Construc- 
tion. 8vo, cluth. With maps, plates, and numerous 
illustrations. 8vo, cloth 3 00 

STEVENSON* 'DAVID, F R.S.N.) The Principles and 
Practice of Canal and River Engineering. Revised 
by his sons David Alan Stevenson, B.Sc, F.R.S.E., 
and Charles Alexander Stevenson, B.Sc, K.R.S.E., 
Civil Engineer. 8vo, cloth 10 00 

-^— The Design and Construction of Harbors. A 

Treatise on Maritime Engineering. Svo, cloth 10 00 

STILES (AMOS). Tables for Field Engineers. De- 
signed for use in the field. Tal)les containing all the 
functions ot a one degree curve, from which a corre- 
sponding one can be found for any required degree. 
Also. Tables of Natural Sines and Tangents. i2mo, 
morocco, tucks 2 «e 

STILLMAN (PAUL. Steam-Engine Indicator and the 
Impioved Manometer Steam and Vacuum Gau^s ; 
their Utility and Application, izmo, flexible cloth... 1 00 

STONEV < R. D.) The Theory of Stresses in Girders and 
Similar Structures. With observations on the appli- 
cation of Theory to Practice, and Tables of Strength, 
and other properties cf Materials. Svo, cloth 12 50 
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STUART (B.) How to become a Successful Engineer. 
Remg Hints to Youths intending to adopt the Pro- 
fession. Sixth edition. i2mo, boards 50 

(C. B.)C.R. Lives and Works of Civil and Mili- 
tary Engineers of America. With 10 steel-plate 
engravings. 8vo. cloih 5 00 

SWEET (S. *H.) Special Report on Coal, showing its 
Distribution. Classifiiaiion. and Costs delivered over 
difieTeiit routes to various points in the State of New 
York and the principal cities on the Atlantic Coast. 
With maps. 8vo, cloih 3 00 

SWINTON (ALAN A. CAMPBELL). The Elementary 
Principle of Electric Lighting. Illustrated. lamo, 
chth 60 

SWINBURNE (J.) Practical Electrical Measuicment. 

With 55 illustrations. 8vo. cloth i 75 

TEMPLETON (WM.) The Practical Mechanic's Work- 
shop Companion. Compristnj., a creat variety of the 
most useful rules and formula; i»i Mecnanical .Science, 
with numerous tables of practical data and calculated 
results facilitating mechanical operations. Revised 
and enlarged by W. S. Hutton. lamo, morocco a 00 

THOM (C.)and JONES (W. E.) Telegraphic Connections 
embracing recent methods in Quadruplex Telegraphy. 
Illustrated. 8vo, cloth 150 

THOMPSON (EDWARD P.) How to make Inventions: 
or. Inventing as a Science and an Art. A Practical 
Guide for Inventors. 8vo, paper « 00 

TREVERT (E.) E.ectricity and its Recent Applications. 
A Practical Treatise for Students and Amateurs, with 
an Illustrated Dictionary of Electrical Terms and 
Phrases. Illustrated. i2mo. cloth 200 

rUCKER (Dr. J. H.^ A Manual of Sugar Analysis, in- 
cludiuj: the Applications in (ieneral of Analytical 
Methods to the Sugar Industrv. With an Introduc- 
tion on the Chemistry of Cane Sugar, Dextrose, Lev- 
ulose, and Milk Sugar. 8vo, cloth, illustrated 3 50 

rUMLIRZ (Dr. O.) Potential and its Application to 
the Explanation of Electric Phenomena, Popularly 
Treated. Translated from the German by D. Robert- 
son. 111. lamo, cloth x 23 

TUNNER (P. A.) Treatise on Roll-Turning for the 
Manufacture of Iron. Translated and adapted by 
John B. Pearsc, of the Pennsylvania Steel Works, 
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with numerous eneravmgs, woodcuts. 6vo, cloih, 
with foliu atlas of plates lo oo 

URyUHART (J. \V.) Electric Lipht Fittinsr. Embody- 
inp^ Practical Notes on Installation Manajij^ement. A 
Hand-tx>ok for Working Electrical Engineers — with 
numerous illustrations. i?uu), cloth 200 

RIcctro-Platinp. A Practical Hand-lx)ok on the 

Deposition of Cuppor, Silver. Nickel, Gold, Brass, 
Aluminium, Platinum, etc. uino 300 

Electro Typ.njf. A Practical Manual, forming a 

New aiul Systematic (>uiiU- to the Reproduction and 
Muliiplicatl'-n i»f Priniiui,' Surfaces, etc. i2Uio c 00 

Dynamo Construction : a Practical M.^nd-book for 

the L'sc of EiiuMuer Ci'tisirucKifs and Electricians in 
Charge, embracing Fiauiework Kuilding. Field Mag- 
net and Arii'.auite Wini'.infj and («roupinor. Com- 
p^-uiuiin^, etc.. with h^x.i:ii)'lc't of Leading English, 
American, and (' n:nui\i.il Dynamns and Motors, 
witli numerous illustrations, ivmo, cloth 3 (x> 

I'NIVERSAL Tie) TELEGRAI'H CIPHER CODE. 
Arranged fo: General Corresi>ondence. ii'mo, cloth.. 

VAN N()STRAN1»*S lAHI.K-Iit >nK. Fur Civil and 
Mfch.inT.iI Knv.'int'tT'i. i-srn*-. hilf niMrm i-o 

\ .vN \VAf;E\EN iT. F > Manua! «.f Hvilraulic Mining, 
For tlio Tip .»t the Praitical .Miner, ly.rau. cioth 
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U ALKFR fW. 11 

PriipuIsKMi. ii> 

WANKLYN*). A.> A Pr.»« ii« a! Treatise on the Exam- 
inati-»n «^t Milk .md i'.s Di.rivativos, Cream. liutter, 
and <"hrrsp. i.;in". «.I<uh 

\V;it«T Analysi<«. A IVai tir.^l Tn-.ui'ie i-n the Ex- 

.unin.iiion of Put.ibl • Water. Scvenili edition, izmo. 

tli'tll TOO 

IVAKI) (I. 11 > S;r:im t'lr the MiT.ion. A Popular 
Treatise "n Str.im. arul its nppliration to the l.'seful 
Alts, j'Sien.Hl.y to Navi'jati'-n. :^vo. cl"th i 

iX'ARlN^'i GICO. !•;.. jr. I Si':>\rraL;e and I.and hrainage. 
I.Mr^e Ouario. Illustr.itrri with wond-c'Jts in the text, 
and fulT-pige .iii'l loir.m;: pia'.rs. Ciotlj 
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SCIENTIFIC PUBLICATIONS. 23 

WATT (ALEXANDER). Electro-Deposition. A Prac- 
tical Treatise on the Electrolysis of Gold, Silver, 
Copper, Nickel, and other Metals, with Descriptions 
of Voltaic Batteries. Magneto and Dynamo-Electric 
Machines, Thermopiles, and of the Materials and 
Processes used in every Department of the Art, and 
several chapters on Electro-Metallurgy. With num- 
erous illustrations. Third edition, revised and cor- 
reeled. Crown 8vo, 568 pages 3 5! 

Electro-Metallurgy Practically Treated, ismo, 

cloth 100 

WE ALE (JOHN). A Dictionary of Terms Used in 
Architecture Building. Engineering, Mining, Metal- 
lurgy, Archseology, the Fine Arts, etc., with explana- 
tory obscrvaiions connected with applied Science 
and Art. lamo, cloth a 50 

WEBB (HF:RRRRT LAWS>. a Practical Guide to the 
Testing of Insulated Wires and Cables. Illustrated, 
ismo. cloth X 00 

iVEISBACH OULIUS). A Manual of Theoretical Me- 
chanics. Translated from the fourth augmented and 
improved German edition, with an Introduction to 
the Calculus by Eckley B. Coxe, A.M., Mining Engi- 
neer. 1100 pages, and 902 woodcut illustrations. 

fivo. cloth 1000 

Sheep II 30 

A'EVRAUCH (J. J.) Strength and Calculations of Di- 
mensions of Iron and Steel Construction, with refer- 
ence to the Latest Experiments. lamo, cioth, plates., i 00 

WHIPPLE (S., C.E.) An Elementary and Practical 

Treatise on Bridge Building. 8vo, cloth 400 

WILLIAMSON (R. S.) On the Use of the Barometer on 
Surveys and Rcconnoissances. Part I. Meteorology 
in its Connection with Hypsomctry. Part II. 
Barometric Hypsometry. With Illustrative tables 
and engravings. 4to, cloth 1500 

Practical Tables in Meteorology and Hypsometry, 

in connection with the use of the Barometer. 4to, 
cloth 2 50 

WRIGHT (T. W.. Prof.) A Treatise on the Adjustment 
of Observations. With applications to Geodetic 
Work, and other Measures ot Prcci^^ion. ivo, cloth... 4 00 

A Text-book of Mechanics for Colleges and Tech- 
nical Schools. i2mo, cloth 350 
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